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 This dissertation focuses on the southern California active margin continental slopes, 
and tests the hypothesis that deepwater slope architectures on active continental margins 
differ from passive margins or foreland basins due to both the structurally-controlled steep 
gradients, and the narrowness of the shelf platform. These controlling factors allow the 
high-gradient hinterland to connect directly to the steep dewater slope and are 
insusceptible to relative sea-level change. This high-gradient hinterland to deepwater slope 
margin causes the direct and sustained sediment supply from the river to the continental 
slope. To test this hypothesis, two main study regions were chosen in the Eocene forearc 
deepwater basins filled with the Great Valley Sequence Belt, which are the La Jolla Group, 
exposed north of San Diego, and the Juncal Formation in Frazier Park.  
 Field work in these two regions allowed for a comparison between two types of 
deepwater slope systems. The La Jolla Group is composed of rlatively lower aspect ratio 
channel complexes, which form a prograding upper slope. The Juncal Formation is 
composed of relatively higher-aspect ratio channel complexes, which form an intra-slope 
fan complex with a feeder channel on the middle slope. Both systems are highly 
channelized, as was hypothesized to be characteristic for a tive margins. The La Jolla 
prograding channel complexes demonstrate a highly channelized upper slo  environment 
with considerably lower slope progradation rate, as compared to passive margins or 
foreland basins. The Juncal slope fan complex demonstrate  that the majority of the fan 
volume is formed by avulsive channel complexes without lobe elements. The channel fills 
inboth systems span from heterolithic fine-grained channel fills, to sandy to heterolithic 
channel fill, and sandy fills with basal conglomerates. All the channel fills indicate an 
abundance of bypass signatures. This is especially remarkable for the heterolithic channel 
fills, which are different from the existing models for ine-grained channel fills that 
consider channel abandonment or passive infill. Furthermore, all channel fills are 
interpreted to be dominated by Froude supercritical flow deposits due to pervasive scour-
and-fill structures with backsets. This suggests that the Froude supercritical flow may 
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control the observed highly irregular shape and distribution of the sandstones (e.g., 
mounded shape and mosaic-like facies distribution) in the channel fills. The studied 
channel complexes provide an outcrop analog for modern sea-floor upslope migrating scour 
and fill structures that form crescent-shape bedforms in channels and submarine canyons. 
This work and the comparison to modern systems suggest that supercritical flow and 
bypassing turbidity currents are significant processes on active continental margins due to 
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CHAPTER 1  
INTRODUCTION TO DISSERTATION 
1.1 Introduction 
 Understanding of the dynamics and nature of deepwater depositional sl pes has 
made progress with the exploration for hydrocarbons. Numerous detailed morphometric 
and quantitative studies of slope depositional systems have been conducted using 3D 
seismic datasets (e.g. Wonham et al., 2000; Abreu, 2003; Deptuck et al., 2003; Prather, 
2003; Saller et al., 2004; Samuel et al., 2003; Sprague et al., 2005; Wood and Mize-
Spansky, 2009; Gasperi and Catuneanu, 2013). These basin-scale studies have been utilized 
to understand the sandstone distribution at the basin scale, and the reservoir distribution in 
the deep-water slope settings, as they are becoming more i portant as oil and gas 
exploration targets. Most of those studies were done in passive margin settings. Therefore, 
the depositional models (e.g., Sprague et al., 2005), used as analogs for continental slopes 
in general, are mainly based on the passive margin systems. These depositional models are 
characterized by slope valley systems, filled with meanderi g, elatively aggradational, 
channel complexes, and unconfined systems, dominated by leveed channel complexes and 
splay/pods spilled over from leveed channels (e.g., Prather, 2003; Janocko et al., 2013) 
(Fig.1-1). Hemipelagic fine-grained slope deposits make up the majority of the sediment 
volume on these slopes (e.g., Dattilo, 2013).  
Contrastingly, some recent studies from active margins show distinct differences, 
such as slope valley systems/submarine canyon systems filled by relatively confined 
(erosive relatively low sinuosity) channel complexes (e.g., Kane et al., 2009), and intra-
slope fan (transient fan) complexes, which are dominated by bypass features, flat sheet 
sands, and erosive straight channels (Gamberi and Rovere, 2011) (Fig.1-1). Such 
complexes, with small proportion of unconfined slope fines, may be common in an active 
margin slope setting due to steep slope gradient (e.g., Covault et l., 2014), steep hinterland, 
and narrow shelf (Somme et al., 2009) (Fig.1-2), which deliver immature coarse sediments 
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and make them relatively insusceptible to sea level changes. Th y also have a complex 
slope profile with locally gentle slope settings that can form accommodation for slope fans 
(e.g., Shanmugan and Moiola, 1988). Therefore, this study aims to te t the hypothesis that 
confined (amalgamated) relatively straight channel systems are the main components of 
steep slope systems, as well as gentle slope intra-slope fan systems on active margin 
continental slopes, as a function of a steep continental slope to hinterland gradients that 
provide coarse sediment and enhance sediment bypass. This is in contrast to passive 
margins that are dominated by a highly sinuous channel system, unconfined slope deposits 
with leveed channel belt and splays, and draping fine-grained slope deposits. This also 
contrasts with foreland basins that are much smaller sedimentary systems, but more similar 
to passive margins due to their depositional shelves and shelf margins. Furthermore, recent 
studies on modern sea floor of active margin continental slopes document the occurrence of 
Froude supercritical flow, which potentially has a significant impact on flow dynamics in 
slope channels, and the resultant shape of bedforms in the channels (e.g., Migeon et al., 
2000; Nakajima and Satoh, 2001; Normark et al., 2002; Fildani et al., 2006; Paull et al., 
2010; Covault et al., 2014; Normandeau et al., 2014; Symons et al., 2016). Therefore, 
another hypothesis this study tests is that the outcrops of active margin continental slopes 
are dominated by the Froude supercritical flow bedforms.     
 Southern Californian deepwater Eocene successions have great exposures along the 
sea coast and in the mountain ranges and have been studied for y ars (e.g., Abbott and May, 
1991) as a typical forearc deepwater succession (Atwater et al., 1970, 1989) (Fig. 1-3). The 
La Jolla Group is chosen as an example of confined (canyonized) steep slope systems (e.g., 
May and Warme, 2000), and the Juncal Formation as an example of an unconfined locally 





Fig. 1-1. Characteristic differences between active (Gamberi and Rovere, 2011), and 
passive margins (Sprague et al, 2005), and foreland basins (Spychala et al., 2015). The 
active margin example shows slope valley systems / submarine canyon systems filled with 
relatively confined (erosive relatively low sinuosity and braided) channel complexes and 
intra-slope fan (transient fan) complexes, which are dominated by bypass features, flat 
sheet sands, and erosive straight channels (Gamberi and Rovere, 2011). 
 
 
Fig. 1-2. Conceptual illustration showing the main mechanisms controlling across- and 
along- shore sediment transport, and the two main types (active margins vs. passive 




Fig. 1-3. Regional distribution of the Great Valley sequence belt, which is composed of 
upper Jurassic to Paleogene forearc deposits (modified from Cuch and Suppe, 1993). The 
focus areas of this project are the beach cliffs of north San Diego and the Frazier Park in 
Los Padres National Forest, California, where the coeval Eocene forearc basin deep-water 
slope successions are exposed. 
 
1.1.1 Slope Characteristics in Different Tectonic Settings 
 Covault et al. (2012) performed a comprehensive study regardin the length of deep 
water canyon-slope, gathering data from the modern slope-canyon system on continental 
margins and ancient foreland/intracratonic basins. The study howed substantial differences 
in canyon-slope channel sedimentation depending on tectonic setting  and basin size. 
Deepwater basins have a wide range of water depths, from a few hundred meters in 
foreland basins, to a few kilometers on passive and active margins (Steffens et al., 2003). 
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Several classifications have been introduced, mainly depending on the tectonic setting, and 
the size of the shelf to slope to basin floor system. Main classifications are related to 
continental margin tectonics, e.g. tectonically active, passive, and mixed margins 
(Shanmugam and Moiola, 1988), or passive margin basins, active margin basins, and 
intracratonic / foreland basins (Dattilo, 2013). The latter also focuses on scales, based on 
the general length from shelf-edge to basin plain of 500-4000 km, 20-70 km, or 2-10 km, 
respectively. 
 Passive margins generally have a wider shelf of 50-300 km, and a relatively smooth, 
gentle (0.8-3 degree) and long slope (24-200 km) (Sømme et al, 2009). The largest river 
and delta system, and associated largest basin-floor fans, are developed on passive margins. 
A large volume of mature and fine grained sediments are supplied into the deep-water area. 
On the slope, a single-point submarine canyon (Piper and Normark, 2003) is the main 
conduit for the sediment delivery to the basin floor, and  substantial container for fine 
grained deposits (Mayall et al., 1998; Wonham et al., 2000; Samuel et al., 2003). In 
addition, mobile substrates, caused by salt or mud diapirs nd gentle slope gradients on 
middle to lower slope, also create significant accommodation long slope (e.g., Prather, 
2003). On some passive margin slopes, mass transport complexes occur and occupy 
significant surface area of the slope (e.g., GOM and NW African margin; Masson et al., 
1998; Nelson et al., 2011). 
  Active margins generally have a narrow shelf (a few to 15 km, although there are 
some exception) and relatively steep (1.4 - 6.8°), shorter slope (9 - 72 km) (Somme et al., 
2009). The sediment transport system from hinterland is shorter, compared to the passive 
margin setting, and is mainly composed of multiple, relatively small, “dirty,” highly coarse, 
sediment-laden rivers. At the narrow shelf, canyons can incise across the continental shelf. 
Shoreface, or multiple river depositional systems, directly connect to the deep-sea 
depositional systems through the narrow shelf, which cause the system to be insusceptible 
to sea level changes. As discharge from multiple small rivers crosses the narrow shelf to the 
steep slope, multiple submarine canyons/channels characteristi ally develop on the slope. 
As a result, sand-dominant and immature sediments bypass and fill the canyon/channels, 
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and are conveyed into the deep-water area. Some rift and confined basins (e.g., foredeep 
basins) have similar characteristics to the active margins.  
 Intra-cratonic / foreland basins are much smaller. The vertical distance between the 
basin floor and the shelf-edge is a few hundred meters (e.g., Plink-Björklund et al., 2001; 
Pattison, 2005). Large canyon systems do not develop due to the small size of the systems, 
and gully (bypass) systems, or amalgamated channel systems without a canyon, can be 
observed on the slope (Della Valle et al., 2013).  If the sedim nt supply is high enough, 
shelf-edge deltas can prograde into the slope, or create a slope apron system (Wild et al., 
2009; Girard et al., 2012). 
1.1.2 General Differences between Subcritical Flow and Supercritical Flow with 
Hydraulic Jump: Significance of Froude Supercritical Flow in the Deepwater Setting 
 Significant differences are observed between subcritical flow and supercritical flow. 
Supercritical flow is much faster flow than subcritical flow, and faster than the speed of a 
wave propagating across the flow surface. In subcritical flow, the surface waves propagate 
both upstream and downstream. Furthermore, sub- and supercritical flow forms distinctly 
different sedimentary structures (e.g., ripples and dunes for the subcritical flow condition, 
antidunes and chutes-and-pools for supercritical flow conditi ). The transition from 
supercritical to subcritical flow is called a hydraulic jump, which causes a very abrupt 
change in flow speed and thickness. The flow height becoms higher, and velocity lowers 
with a large energy loss. The hydraulic jump enhances deposition due to the energy drop, 
but also in some cases may enhance transport due to an increase in turbulence (Gray et al., 
2005). The morphodynamics of supercritical flow and subcritical flows are expressed by 
the Froude number Fr=U/√gh; where U is the flow velocity, h the flow depth, and g the 
acceleration of gravity (Gilbert, 1914; Alexander et al., 2001; Taki and Parker, 2005). 
Therefore, the fluid inertial force expressed by the flow velocity: U and the gravitational 
forces in flow expressed by √gh are the factors controlling the Froude number. When the 
Froude number is exceeding unity, the flow becomes supercritical. When the Froude 
number is less than unity, the flow is subcritical. 
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 The supercritical flow state changes the distance of the velocity maximum of 
turbidity currents as measured from the substrate, where t velocity maximum is closer to 
the substrate, which means the supercritical flow has more er sive power and a higher 
boundary shear stress than the subcritical flow (Waltham, 2004). The upper part of the 
supercritical flow is more interactive with ambient water. Therefore, the supercritical flow 
tends to entrain more ambient water. As a result, it has a tendency to lose quickly the 
competency to deliver the sediment. In general, the supercritical flow is more competent to 
deliver coarse sediment than the subcritical flow, but the supercritical flow will slow down 
quickly and change into the subcritical flow through a hydraulic j mp. If the slope is steep 
enough, the subcritical flow transforms back into the supercritical flow. Such repeated 
process is called cyclic steps (Taki and Parker, 2005). Subcritical flow is slow, but travels a 
longer distance than supercritical flow, delivering fine sedim nts, as it does not entrain the 
ambient water and does not lose competence of traveling the slop . The experimental 
studies demonstrate a significant difference. The supercritical flow channel causes more 
avulsions due to hydraulic jump, which limits the channel extension downdip. Subcritical 
flow slope is dominated by stable channels, which extend downdip, and the lateral 
migration of the channel could be common (Fig. 1-4). 
 
1.2. Organization and Content 
 The main part of this dissertation contains three papers (Chapters 2, 3, and 4)> the 
first paper has been resubmitted to Sedimentology after a review. The other two papers will 





Fig. 1-4. Figure from Postma et al., (2016) showing experimental studies of channel-lobe 
system. (A) Subcritical flow channel-lobe systems of Fernandez et al., (2014) exemplifying 
stable development of channels. (B) Supercritical flow channel-lobe systems of Hoyal and 
Sheets (2009) exemplifying the avulsed short channels. 
 
 Chapter 2 is titled, “Froude Supercritical Flow Bedforms in Deepwater Slope 
Channels? Field Examples in Conglomerates, Sandstones and Fine-Grained 
Deposits”. The study focuses on the discussion of the similarities between 
conglomeratic to sandy and heterolithic fine-grained bedforms observed in the 
study areas (the above described two regions and the Capistrano Formation, 
San Clemente) and their origin as Froude supercritical flow structures and 
geometries by comparison to experimental flume. This study also documents 
the relationship between the bedforms and their hosted channels. The result 
shows that the Froude supercritical flow bedforms were identified in all three 
active margin slopes, where they volumetrically dominate the exposed 
sedimentary successions. This suggests that supercritical flow turbidity currents 
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may be significant processes on active continental margins. 
 
 Chapter 3 is titled, “Outcrop Example of a Channelized Slope Fan, Eocene 
Juncal Formation: Architecture and Froude Supercritical Flow Channel Fill 
Dynamics”. This study was conducted following previous regional and detailed 
sedimentological studies (Dykstra, et al., 2011; Duvernay, 2012; Turner, 2015) 
in Eocene Juncal Formation, Frazier Park. The study addresses the architecture 
and sedimentary facies on open continental slope setting. The results show that 
the deepwater slope succession in this region is composed of multiple channel 
complexes. Two types of channel complexes were identified, the avulsive and 
the vertical slope channel complexes exhibit the slope fan and the feeder 
channel complex, respectively. Channels in both complexes are filled with 
Froude supercritical flow deposits, and are also dominated by bypass features. 
Variability of the Froude supercritical flow bedform types in the sandstones 
implies that the supercritical flow processes control the highly irregular shape 
and distribution of sandstone in the channels. 
 
 Chapter 4 is titled, “Outcrop Characteristics of Prograding Slope Channel 
Complexes, La Jolla Group, Southern California”. This study addresses the 
architecture and sedimentary facies in a relatively steep upper slope setting. The 
results show that the deepwater slope succession consists of three channel 
complexes, and their transition from the lower complex to the upper two 
complexes is potentially associated with continental slope progradation. The 
channel fills of these channel complexes are also composed of the scour-and-fill 
structure dominated Froude supercritical flow deposits. These scour-and-fill 
structures in the channel fills may be the outcrop analog to the upslope 
migrating crescent-shape bedforms in the channels, or the submarine canyons 




CHAPTER 2  
FROUDE SUPERCRITICAL FLOW BEDFORMS IN 
DEEPWATER SLOPE CHANNELS? FIELD EXAMPLES IN 
CONGLOMERATES , SANDSTONES AND FINE-GRAINED 
DEPOSITS 
A paper submitted to Sedimentology 
Kenya Ono and Piret Plink-Björklund 
2.1 Abstract 
 This paper presents outcrop examples of ambiguous sedimentary structures and 
depositional geometries from three active margin contine al slopes, the Eocene Juncal 
Formation, the Eocene La Jolla Group, and the Miocene Capistrano Formation. These 
sedimentary structures and depositional geometries are chacterized by long wavelength 
and low amplitude geometries that range from centimeter to hundreds of meters scale. 
Some such geometries contain low-angle foresets and backsets and convex-up geometries, 
others consistent backset bedding or concave-up geometries of scour-and-fill. Bounding 
and internal erosion surfaces are common, and range from centimeter to tens of meters 
scale in depth. In places, planar laminations, structureless b ds, and normally graded beds 
are associated with the long wavelength and low amplitude structures. Deposit grain size 
ranges from boulder-size soft clasts and cobble-size hard cl sts, to silt and mud. 
By comparison to strata produced by flume experiments, the long wavelength and 
low amplitude of the here described sedimentary structures and geometries, the presence of 
backsets and scour-and-fill structures, the low angle of foresets, and the abundance of 
erosion surfaces suggest deposition from Froude supercritical flow. This paper aims to 
discuss the origin of the here documented ambiguous bedforms, and exemplifies 
differences between the erosionally bound large-scale geometries here interpreted as 
bedforms, and their host channels that are an order of magnitude larger. The potential 
dominance of supercritical flow bedforms in the studied datasets suggests that active 
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margin continental slopes may experience frequent supercritical flow due to the steep 
gradients and high sediment supply.   
 
Keywords Froude supercritical flow bedforms, backsets, scour-and-fill structures, 
deepwater, active margin continental slope, channel  
2.2 Introduction 
 Outcrop recognition of Froude supercritical flow sedimentary structures and 
geometries in subaqueous deltaic and deepwater slope settings has not yet been well 
established, although their early documentation dates back to at least 1960-70s (Walker, 
1967; Komar, 1971; Hand, 1974). Bedforms on modern delta fronts (e.g., Fricke et al., 
2015; Hughes Clarke, 2016) and deepwater slopes (e.g., Migeon et al., 2000; Nakajima and 
Satoh, 2001; Normark et al., 2002; Fildani et al., 2006; Paull et a ., 2010; Covault et al., 
2014; Normandeau et al., 2014; Symons et al., 2016) provide further evid nce for the 
occurrence of Froude supercritical flow on continental margins. The supercritical flow 
origin of these bedforms is supported by numerical modelling (Fildani et al., 2006; Kostic 
and Parker, 2006; Kostic et al., 2010; Cartigny et al., 2011; Kostic, 2011, 2014; Fricke et al., 
2015) and flume experiments (e.g., Gilbert, 1914; Cheel, 1990; Alexander et al., 2001; Taki 
and Parker, 2005; Spinewine et al., 2009; Yokokawa et al., 2009, 2010; Muto et al., 2012; 
Cartigny et al., 2014). The flume experiments establish the relationship between 
supercritical flow hydraulic controls, bed phase, and the resultant stratification for subaerial 
open-channel flow (Alexander et al., 2001; Cartigny et al., 2014), as well as subaqueous 
turbidity current conditions (Spinewine et al., 2009). Very r cently a supercritical turbidity 
current was directly observed to form upslope migrating crescent-shaped bedforms on a 
steep delta front in Howe Sound (Hughes Clarke, 2016). From outcrop observations tens of 
centimeters to tens of meters scale, sedimentary structures and geometries have been 
interpreted as supercritical flow sedimentary structures in alluvial to deepwater settings, 
such as in slope to basin floor turbidite systems (e.g., Walker, 1967; Postma et al., 2009, 
2014, 2016; Ito et al., 2014; Postma and Cartigny, 2014), glacial setting (e.g., Russell and 
Arnott, 2003; Duller et al., 2008; Lang and Winsemann, 2013), deltas (Msari, 1996; 
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Ventra et al., 2015a), and variable discharge fluvial systems ( .g., Allen, 1982; Fielding, 
2006; Fielding et al., 2009; Plink-Björklund, 2015 and references therein).  
Despite this relatively large body of work, the recognition of supercritical flow 
deposits remains ambiguous, perhaps due to their long wavelength (up to tens or hundreds 
of meters; Symons et al., 2016)  and low amplitude, which complicate their recognition, 
especially in smaller outcrops and in core, and their morphological similarity to hummocky 
and swaley cross stratification (e.g., Prave and Duke, 1990; Rust and Gibling, 1990; 
Alexander et al., 2001; Mulder et al., 2009; Quin, 2011). Furthermore, sup rcritical flow 
deposit geometries may be complex, as multi-meter to tens of meters thick bedforms may 
be built by smaller-scale bedforms on centimeter to a meter scale (e.g., Postma et al., 2009; 
Cartigny, 2012; Postma et al., 2014; Postma and Cartigny, 2014). Their recognition in the 
field is further complicated by the presence of bounding and internal erosion surfaces, and 
the resultant lenticular shape of some of the deposits (Alexander et al., 2001; Cartigny et al., 
2014). The latter cause the supercritical flow bedform geometries to be easily confused 
with small channels. Complications also arise because of the inherent instability of 
supercritical flow that results in formation of hydraulic jumps, where the flow reverses into 
transient subcritical conditions with a large energy loss and potential for rapid deposition 
(e.g., Cartigny et al., 2014). Each hydraulic jump has a steep upercritical flow zone with a 
high erosional potential, a subcritical zone at the hydraulic jump, and a transcritical 
downstream zone (Cartigny et al., 2014). Thus, the resultant deposits may display laterally 
related supercritical to subcritical deposition characteristics.  
This paper aims to discuss the origin of ambiguous sedimentary structures and 
depositional geometries documented in outcrops that expose ancient active margin 
deepwater continental slopes of the Juncal Formation and the La Jolla Group in the Eocene 
forearc basin, in addition to the Capistrano Formation in the Miocene-Pliocene strike-slip 
basin in southern California. Comparison to flume experiments reveals that the documented 
centimeter to hundreds of meters scale depositional features are geometrically similar to the 
internal stratification produced in supercritical flow flume experiments (e.g., Alexander et 
al., 2001; Spinewine et al., 2009; Cartigny et al., 2014). The grain size of the here 
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documented deposits ranges from boulder-size soft clasts and cobble-size hard clasts, to silt 
and mud. We further discuss the relationship of these sedimentary features in context of 
channel-fi ll geometries. 
 Understanding the occurrence of the erosive and powerful supercritical flows on 
deepwater slopes and sea floor is significant for risk mitigation on infrastructures, such as 
communication cables and production facilities for hydrocarbons (Barley, 1999; Hsu et al., 
2008; Huge Clark et al., 2016). Recognition of supercritical flow deposits has implications 
for the hydrocarbon reservoirs themselves, due to the distinct li hofacies distribution, 
depositional geometries, and architecture discussed in this paper (see also Postma et al., 
2009, 2014, 2016; Spinewine et al., 2009; Postma and Cartigny, 2014). Further dis inction 
is likely caused by elevated avulsion rates (Hoyal and Sheets, 2009; Hamilton et al., 2015). 
Linkage of the commonly occurring fine-grained sediment waves to supercritical flow 
deposition signifies the dynamic supercritical turbidity currents as a key fine-grained 
sediment delivery process to deep-water, in addition to subcritical flow, or hemipelagic 
processes (Kostic, 2014). This paper expands examples of supercritical flow silt and mud 
deposits to outcrops. 
 
Subcritical vs Supercritical Flow Bedforms and Sedimentary Structures 
Subcritical Flow 
 When water flowing over sediment exceeds the critical shear stress for motion, 
bedforms develop as a result of dynamic processes acting aross the sediment-water 
interface. Froude subcritical flow (Froude number <1) is relatively slow and stable flow 
that promotes downstream bedform migration at specific equilibrium conditions and 
concerns flow velocity, grain size, water depth, and sedim nt concentrations (e.g., Southard 
and Boguchwal, 1990). Characteristic bedforms of subcritical flow are ripples and dunes 
that are asymmetric with gentle upstream face (stoss side) an  steep downstream face (lee 
side) approaching or at angle-of-repose (e.g., Allen, 1982; Baas, 2003). Current ripples and 
dunes migrate downstream by erosion of the stoss side and deposition on the lee side. 
Depositional processes associated with ripple and dune migration comprise suspension 
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settling through the zone of mixing and recurrent avalanching of bed load material from the 
brinkpoint onto the lee slope (e.g., Baas, 2003). Each avalanche-settling cycle produces a 
cross lamina. Sets of steep (≥30°) cross-laminae are diagnostic of migrating current ripples 
and dunes.  
 
Supercritical Flow 
 At transition to Froude supercritical flow bedforms are characteristically leveled out 
into migrating plain bed producing planar laminations (e.g., Cheel, 1990). Froude 
supercritical flow (Froude number >1) is dominated by inertial forces and behaves as rapid 
and unstable flow with highly fluctuating flow state, velocity, and Froude number (Taki 
and Parker, 2005; Cartigny et al., 2014). In Froude supercritical flow conditions, bedforms 
grow and are partially destroyed in transient events of deposition and erosion, in response 
to the passage of internal waves and surges, or hydraulic jumps (Cartigny et al., 2014). At 
hydraulic jumps, supercritical flow transitions into subcriti al flow with a high energy loss 
(Cartigny et al., 2014). Deposition may occur from supercritical conditions due to the 
passage of internal waves (stable antidunes), or at hydraulic jumps, where supercritical flow 
transitions into subcritical flow (unstable antidunes, chutes-and-pools, cyclic steps) 
(Cartigny et al., 2014). 
In general, the resultant sedimentary structures display low-amplitude and long 
wavelength concave- and convex-up geometries, also referred to as scour-and-fill structures 
and convex-up low-angle bedforms with low-angle (<20°) foresets and backsets (Alexander 
et al., 2001; Cartigny et al., 2011, 2014). Bounding and internal eosion surfaces give the 
deposits a lenticular nature, especially in case of deposition at high Froude numbers 
(Alexander et al., 2001; Cartigny et al., 2011, 2014). Stable antidunes form from 
supercritical flow at relatively low Froude numbers, and are l terally separated by plane 
bed zones, especially where flow becomes transiently transc itical (Cartigny et al., 2014). 
Antidunes and chutes and pools may produce low angle backsets or foresets depending on 
bedform migration direction under migrating internal waves and surges, or unstable 
hydraulic jumps. These bedforms can also aggrade vertically. Somewhat steeper concave- 
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and convex-up strata and deeper scours tend to form in chute-and-pool conditions, as 
compared to antidunes, and are commonly referred to as scour-and-fill structures (steeper 
scours filled with upward flattening laminae) (Alexander et al., 2001; Cartigny et al., 2014). 
Laterally linked stable hydraulic jumps migrate systematically upstream, and are referred to 
as cyclic steps (Kostic, 2011; Cartigny et al., 2014). Cyclic steps may form more consistent 
backset bedding as a result of the systematic upstream migration. 
Hydraulic jumps are complex. At the erosional upstream lee-side, the flow 
accelerates and causes erosion and upstream migration of he hydraulic jump (Cartigny et 
al., 2014). Flow abruptly transitions into subcritical at the hydraulic jump with a large 
energy loss, causing rapid deposition at the hydraulic jump, as well as on the upstream-
dipping stoss-side of the jump, producing upstream dipping laminations, or backsets 
(Cartigny et al., 2014). At the hydraulic jump, deposition rates may be extremely high, due 
to the abrupt transition from super- to subcritical flow, and poorly-sorted structureless or 
graded deposits may form in this zone (Postma et al., 2009, 2014, 6; Postma and 
Cartigny, 2014). Planar laminations may form on the downstream stoss-side of the 
hydraulic jumps, where flow accelerates from subcritical to transcritical conditions after 
passing through the hydraulic jump (Cartigny et al., 2014). In these cases, upstream 
migration of hydraulic jumps produces erosionally bound deposits tha  show a vertical 
transition from backsets to structureless, to planar laminated deposits (Postma et al., 2009). 
2.3 Dataset 
 Datasets used in this paper combine detailed measured sections, interpreted 
photomosaics, and GPS survey of slope fan deposits of the Juncal Formation in the Frazier 
Park, the canyon-fill succession of the La Jolla Group (Torrey Sandstone, Ardath Shale, 
and Scripps Formation) in the Torrey Pines beach cliffs, and the slope channel complex of 








 The Juncal Formation in Frazier Park area is recognized as a middle Eocene slope 
fan complex (Dykstra et al., 2011; Duvernay, 2012; Turner, 2015) dominated by slope 
channel deposits (Fig. 2-2). The size of the channels varies from 300–900 m in width and 
30–60 m in depth. Most channel fills are composed of sandstone at th  base, overlain by 
heterolithic fine-grained deposits. The sandstone-dominated int rvals are a few hundred to 
800 m wide along the base, and 15–25 m thick, and contain tabular to lenticular sandstone 
(bedform type A), foreset and backset bedding (bedform type B and C), and scour-and-fill 
structures (bedform type D) (Fig. 2-3). The degree of sandstoe amalgamation varies from 
0-50% (Fig.2-2). The heterolithic fine-grained deposits also diplay scour-and-fill 
structures (bedform type F) and backsets (bedform type G) (Fig. 2-3). Paleocurrent 
measurements derived from imbrication of cobble conglomerates, ripple laminations, and 
sole marks indicate a mean paleocurrent direction is towards 230°, in agreement with a 
previous regional study that shows paleocurrent directions toward 217-240° (Turner, 2015).  
 
La Jolla Group 
 The La Jolla Group has been interpreted as a submarine canyon complex (e.g., 
Lohmar et al., 1979; May and Warme, 2000) in the middle Eocene forearc basin (Atwater, 
1970; Kennedy and Moore, 1971; May et al., 1984). The canyon complex is exposed along 
a 5 km long Torrey Pines beach cliff, north of La Jolla (Fig. 2-1). The succession is 
composed of two channel complexes (e.g., Lohmar et al., 1979;May and Warme, 2000), 
where the lower complex ca 100 m thick contains the Torrey Sandstone and the Ardath 
Shale. This lower complex mainly consists of channels, 300–800 m wide and 30–90 m 
deep with heterolithic infills (bedform type F), but in places with basal sandstone, 10-20 m 
thick and 400–600 m wide (bedform type D) (Fig. 2-3). The upper complex, the Scripps 
Formation, is ca 100 m thick, and consists of sandy and coglomeratic channel fills 20 - 60 
m thick and 200 - 700 m wide (bedform type D), and conglomeratic scour-and-fill 
complexes (bedform types D and E). Paleocurrent measurements derived from imbrication 
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 The San Clemente State Park outcrop of the Capistrano Formation has been 
interpreted as a submarine slope channel complex of the Miocene-Pliocene (Ingle, 1971) 
transform basin margin (Atwater, 1989) (Fig. 2-1). The channel complex, 20 m thick and 2 
km wide, consists of amalgamated sandstone (bedform type D) and heterolithic facies 
(bedform type G) (Fig. 2-3). Channel morphodynamic interpretations vary from a laterally 
migrating stacked channels 5–14 m thick and 70–460 m wide (Walker, 1975; Campion et 
al., 2000; Campion et al., 2005; Campion et al., 2007), to a single sub-vertically aggrading 
channel ca 200 m thick and 1000 m wide (Camacho et al., 2002). Paleocurrent 
measurements from ripple laminations indicate a mean paleocurrent direction towards 312° 
(Camacho et al., 2002), whereas paleocurrent measurements from the erosional channel 
base walls indicate a mean direction towards 235-300° (Walker, 1975). In this paper, we 
rely on the measurements from ripple laminations, as the channel wall measurements were 
made in 2-D outcrops (see also Camacho et al., 2002).  
2.4 Froude Supercritical Flow Bedforms? 
 Seven different types of bedforms are identified here based on their lithology, and 
small (centimeters to decimeters) to large (meters to hundreds of meters) scale sedimentary 
structures and geometries, three of which are sandy, two sandy to conglomeratic, and two 
heterolithic fine-grained bedforms (Fig. 2-3). Heterolithic deposits are here defined as 
siltstone-dominated deposits with mudstone and very fine-grained sandstone interlayers. 
Although organized into seven types, the bedform types are not meant as facies models, but 
rather as examples. The here identified bedforms are all on multi-meter to tens of meters 
scale vertically, and tens to hundreds of meters laterally, and occur in channels that are up 
to 900 m wide (Fig. 2-2). They consist of smaller, centimeter to decimeter, or meter-scale 
(vertically) sedimentary structures, such as convex-up low-angle laminations, and scour-
and-fill structures (concave-up to flat laminations), as well as planar laminations. The 
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decimeter-scale sedimentary structures are presented in Figure 2-4, and are identified as the 
basic sedimentary facies. These sedimentary structures and their corresponding bedforms 
are well established by experiments (see e.g., Alexander et al., 2001; Cartigny et al., 2014).  
 
 
Fig. 2-1. Regional geological map of the southern coast of Cali ornia (USA), showing the 
locations of the study areas. The paleocurrents are dominantly towards south-west (230° 
and 240°) in the Juncal Formation and the La Jolla Group, res ectively. The mean 
paleocurrent directions in the Capistrano Formation are towards north-east (312°) from 









 Backset bedding is used where upstream dipping sets are formed by multiple beds 
with distinct boundaries, and backset lamination refers to upstream inclined laminations.  
2.4.1 Tabular to Lenticular Sandstones with Backset and Foreset Laminations 
 These coarse-grained tabular to lenticular sandstones with undulating boundaries 
occur in slope channels of the Juncal Formation (Fig. 2-2). The sandstone dominated 
intervals are 12 m thick in the axial part of channels, and at least 800 m wide. The 
individual sandstones are 1–4 m thick and commonly erosionally bounded (Figs. 2-5A and 
2-5B). The beds have sharp and undulating upper and lower boundaries. Their bed 
thickness drastically changes, especially in a flow parallel view across only 5–10 m (Fig. 2-
5A). Both backset and foreset laminations are common and their distribution is irregular. 
Upstream dipping scour surfaces also occur. Mud clasts are common on the scour surfaces, 
and the scour surfaces are non-continuous and terminate within the beds (Fig. 2-5A). The 
height of the backset and foreset laminations is 1–2 m and the width is 2–5 m. The 
amalgamation and internal erosion surfaces, as well as the undulating thickness changes in 
the lenticular sandstones, are clearly visible in the flow parallel view (Fig. 2-5A), whereas 
the sandstones are more tabular in the flow perpendicular view (Fig. 2-5B). 
 Individual sandstone beds are dm to 1.5 m thick, and consist of medium- to very 
coarse-grained sandstones, in places with granule lenses, and are dominated by convex-up 
low-angle laminations, scour-and-fill structures, structureless, to weakly stratified and 
planar laminated sandstones (Figs, 2-3 2-5B, 2-5D, 2-5E and 2-5F). The convex-up low-
angle laminations and scour-and-fill structures are 10–40 cm deep and tens of cm to 3 m 
wide. The sandstone facies are in places interbedded with thinly bedded very fine to 
medium grained sandstone and siltstone (Fig. 2-5D). These heterolithic facies have a flaser 
bedding-like appearance due to centimeter-scale erosionally bound sandstone lenses 











Fig. 2-3. Examples of the documented bedforms, subdivided into seven varieties. Facies 
proportions are presented for the Juncal Formation only. SF: Structureless to weakly 
stratified sandstone, normally graded sandstone, and scour-fill and convex-up low-angle 






























Facies group Log motif Photo Facies Description
DSC_0234
Hard-clast conglomerate
Crudely stratified, moderately sorted, 
clast supported, sub to well-rounded 
cobble and pebble sized extraformational 
hard-clast conglomerate. Matrix is 




intraformational mud clast (up to 1m in 
diameter) dominated conglomerates, 
commonly occur above scour surfaces. 
Mud clasts are rounded to angular, poorly 
sorted. Matrix is small pebble (1-2 cm) 
conglomerate to medium-grained 
sandstones.
Structureless to weakly 
stratified sandstone
Ungraded, structureless to weakly planar 
stratified medium- to very coarse-grained 
sandstones, in places with concentrated 
mud clasts which occur in distinct layers. 
Some beds contain granules and small 
pebbles (up to 1cm). Beds are flat based 




Normally graded, very coarse- to medium-
grained sandstone, with sharp and 
erosional base, in places with parallel 
lamination ( mm scale lamination ) on 
the top.  Bed is 15 cm to 1 m in thick. 
Scour-fill and convex-up 
low-angle stratified 
sandstone
Scour and fill (10 cm to 40 cm deep), 
convex-up low-angle cross stratified 
medium-grained sandstone to granules. 
Bed thickness is 10 cm to a few meters. 
Beds are flat or irregular bound.  
Granules and pebbles (up to 1 cm) 
commonly occur along scour surfaces
Planar laminated 
sandstone
Planar laminated very fine- to medium-
grained sandstone. Beds are 10 cm to 1 
m thick. Very fine to fine-gained 
sandstones commonly contain abundant 
organic fragments.      
Thinly bedded siltstone 
and sandstone
Thinly Interbedded siltstone and very fine- 
to medium-grained sandstone. Bedding 
is millimeters to decimeters thick. In 
places, thin sandstone beds have 
lenticular geometry with flaser bedding 
like appearance. Thin interbedded 
medium grained sandstones have sharp 
boudaries with siltstones. Fine-grained 
sandstones commonly contain organic 
fragments. Bioturbation is rare. 
Stuctureless to weakly 
stratified siltstone
Dark-grey colored, structureless to 
weakly laminated siltstone, conmonly 
contains fine to coarse-grained 
sandstone and granule conglomerate 
lenses a few mm thick and centimeter to 











2.4.2 Foreset and Backset Bedded Lenticular Sandstones   
 The foreset and backset bedded lenticular sandstones, interbedded with heterolithic 
fine-grained beds, also occur in the slope channels of the Juncal Formation (Fig. 2-2). The 
sandstone dominated intervals occur at the bases of channels, a d are 17–19 m thick in the 
axis of channels and 700 m wide. The foreset and backset bedded sandstones occur as 
lenses 60–100 m wide in both flow parallel and perpendicular views (Fig. 2-6). In Figure 2-
6A, the lenticular sandstones are 3–10 m thick in their axial portions, and they thin in the 
upstream direction across 20–40 m, and terminate into the heterolithic fine-grained facies. 
The lenticular sandstones display a variety of backset and foreset bedding styles in the 
flow-parallel view. The uppermost sandstone in Figure 2-6A has downstream accreting 
beds, 6–7 m thick and 30–40 m wide. In Figure 2-6B, the same sandstone is 4–6 m thick, 
erosionally based, and displays steep backset beds. The middle sandstone in Figure 2-6A 
has low-angle backset beds, 2 m thick and 20–30 m wide. The lowermost sandstone has 
low-angle foreset beds, 3–6 m thick and 15–20 m wide, and also displays high-angle 
backset beds, 2–3 m thick and 5–10 m wide. In the flow perpendicular view, the uppermost 
sandstone is 4–6 m thick and shows internal lenticular to tabular bedding (Fi . 2-6B). The 
lower sandstone splits laterally into several thin sandstone beds, 1-3 m thick that further 
thin laterally (Fig. 2-6B). The individual sandstone beds are dm to 2 m thick, and consist of 
medium to very coarse grained sandstone, occasionally with granule and pebble lenses, and 
are dominated by normally graded to planar laminated, scour-and-fill and convex-up low-


















Fig. 2-5. Bedform type A: Tabular to lenticular sandstones with backset and foreset laminations, Juncal Formation. (A) Flow parallel 
and (B) flow-perpendicular view of the bedform. (C) Plan view from Google Map indicating the location of photomosaics A and B, 
and the regional mean paleocurrent direction towards 230°. (D) Alternating planar laminated sandstone and heterolithic fine-grained 





















Fig. 2-6. Bedform type B: Foreset and backset bedded lenticular sandstones, Juncal Formation. (A) Flow parallel view of the bedform 
on the west side of the valley. The outcrop direction is 40° and the regional mean paleocurrent direction is 230°. Imbrication of cobble 
conglomerate below the channel base indicates 219°. (B) Flow parallel and flow perpendicular view of the bedform on the east side of 
the valley. (C) Measured section, see location in A. (D) Scour-and-fill structure in the sandstone. (E) Facies proportion in bedform 











Fig. 2-7. Bedform type C: Backset bedded sandstone, Juncal Formati n. (A) Slightly oblique flow-perpendicular view shows backset 
bedded, wedged shaped sandstone. (B) Sketch indicating the relationship between the paleocurrent direction and the outcrop 
orientation, which is 35°. The regional mean and locally measured paleocurrent directions are 230°. (C) Facies proportions in bedform 





Fig. 2-8. Bedform type D: Amalgamated scour-and-fill sandstones a d conglomerates, Juncal Formation. See Figure 2-2 for 
stratigraphic position. (A) Flow parallel view of the bedform. Outcrop direction is 100°, the regional mean paleocurrent direction 230°, 
and locally measured paleocurrent directions are 230-250°.  (B) Scour surfaces are overlain by mud clast conglomerates. (C) Facies 























Fig. 2-9. (A) Channel complexes of the Ardath Shale and the Torrey Sandstone in the lower 
canyon complex of the La Jolla Group. (B) Basal sandstoe of a heterolithic channel fill. 
Outcrop orientation is 160°, regional mean paleocurrent direction 240°, and locally 
measured directions from imbricated conglomerate 236°. (C) Bedform type D: upward 
fining succession from mud clast conglomerate and weakly stratified sandstone to planar 
laminated sandstone.  (D) Bedform Type G: heterolithic fine-grained deposits with long 


















Fig. 2-10. Channel complexes of the Scripps Formation in the upper canyon complex of the La Jolla Group. (A) Photomosaic shows 
the erosionally bound scour-and-fill conglomerates in the upper part, and the half channel geometry of the lower part of the Scripps 
Formation shows the overview of upper and lower parts. Locally measured paleocurrent directions are 230° - 250°. (B) The upper part 
is characterized by multiple bounding erosion surfaces. The lower part shows overall upward fining succession from basal h rd-clast 
and mud clast conglomerate, to planar laminated sandstone to thinly bedded sandstones and siltstones. (C) Backset bedding in a flow 
parallel view of the lower part (bedform type D). See locati n in A. (D) Scour-and-fill structures in the lower part show internal 
upward fining from the hard-clast cobble conglomerates to mud clast -conglomerate, and to weakly stratified and structureless 







Fig. 2-10. Continued. 
 
 
Fig. 2-11. Bedform type D: Amalgamated scour-and-fill sandstones a d conglomerates, Capistrano Formation, San Clement  State 
Park. (A) Normal grading in the scour-and-fill structures from mud clast conglomerates or cobble and pebble hard-clast conglomerates, 
to coarse- and medium-grained sandstone. (B) The arrows indicate bases of low-angle scour-and-fill structures. Regional paleocurrent 



















Fig. 2-12. Bedform type E: Scour-and-fill conglomerates of the Scripps Formation, La Jolla 
Group. (A) Detailed view of multiple conglomerate lenses bounded by erosion surfaces. 
See location in Figure 2-10B. (B) Backset bedded conglomerate in symmetric scour with a 
steep upstream and gentle downstream margin. See location in Figure 2-10A. (C) Scour-
and-fill conglomerate with irregular basal erosion surface. See location in Figure 2-10B. 
(D) Channel element in the Scripps Formation with the typical transition from basal hard-
clast conglomerates to mud clast conglomerate, and overlain amalgamated sandstones. (E) 
Conglomerate facies (Facies A) shows with imbrication, ndicating flow direction from the 
left to right. (F and G) Backset bedding in the conglomerates in a slightly oblique flow 
parallel view. The paleocurrent measurements from imbrication of cobble conglomerates 









2.4.3 Backset Bedded Sandstones 
 The backset bedded sandstones, interbedded with thin heterolithic fine-grained beds, 
occur in the slope channels of the Juncal Formation (Fig. 2-2). The sandstone dominated 
intervals are 14–24 m thick in the axis of channels and 500 m wide. The backset bedded 
sandstones are wedge-shaped, 100– 25 m wide, and 5–7 m thick in a flow parallel view, 
separated by heterolithic facies (Fig. 2-7A). The sandstone  thin from 5–7 m to only a few 
m across ca 100 m. The heterolithic interval between the two backset bedded sandstone 
wedges in Figure 2-7A also shows upstream accretion (see bedform type G below). The 
angle of backset bedding in sandstones varies from only a few to 15° in a flow parallel view, 
and they appear almost flat in downstream direction, where the sandstones become thicker. 
The individual sandstone beds are dm to 1.5 m thick, and co sist of medium-grained 
sandstone to granule deposits, and are dominated by normally graded, scour-and-fill and 
convex-up low angle laminations (Figs. 2-3, 2-7C and 2-7D). The wedge-shaped 
sandstones show characteristic facies changes from structureless and normally graded 
facies in the lower part, to scour-and-fill and convex-up low-angle laminated facies in the 
upper part (Fig. 2-7D). 
2.4.4 Amalgamated Scour-and-Fill Sandstones and Conglomerates 
 The amalgamated scour-and-fill sandstones occur in the slop  channels of the 
Juncal Formation, in the Torrey Sandstone and the Scripps Formation of the La Jolla Group, 
and in the Capistrano Formation. In the Juncal Formation, he amalgamated scour-and-fill 
sandstones are 15–20 m thick in the axis of the channels and 500 m wide, and have rare 
fine-grained intervals (Fig. 2-2). In a flow-perpendicular view, the amalgamated scour-and-
fill sandstones consist of low-angle scour surfaces, a few to 5 m deep and 5–40 m wide (Fig. 
2-8A). Mud clasts (up to 50 cm in diameter) commonly occur along the scour surfaces (Fig. 
2-8B). There is no outcrop in a flow-parallel view. The individual sandstone beds are 
commonly 1–2 m thick, and consist of coarse-grained sandstone to pebbly granules, and are 
dominated by weakly stratified to structureless facies. Normally graded, scour-and-fill, and 
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convex-up low angle sandstone facies also occur, but are less common, and planar 
laminated sandstone is rare (Figs. 2-3, 2-8C, and 2-8D).    
 In the Torrey Sandstone, the amalgamated scour-and-fill sandstones are confined 
within the lower part of the canyon complex, where the channels are 470–600 m wide and 
50–90 m deep in the flow perpendicular view (Fig. 2-9A). The amalgamated scour-and-fill 
sandstones are ca 20 m thick (Fig. 2-9B) and more than 400 m wide. The individual scour-
and-fill structures are 5–20 m wide and 1–7 m deep, and contain basal lenses of mud clast 
conglomerates. The conglomerates consist of poorly soted rounded to angular mud clasts 
that exhibit disorganized fabric, and are up to 1 m in diameter (Fig. 2-9C). The 
amalgamated scour-and-fill structures are overlain or encased in structureless and weakly 
stratified sandstones, and then overlain by planar lamin ted fine to medium grained 
sandstones, 5–8 m thick. These sandstones are in turn overlain by heterolithic fine-grained 
facies (bedform type G in the Ardath Shale), up to 30 m thick, and interbedded with thin 
lenticular sandstones, 0.1–0.5 m thick (Fig. 2-9D).  
   In the lower part of the Scripps Formation, the amalgamated scour-and-fill deposits 
occur as a 25 m thick upward fining succession with a basal hard-clast and mud clast 
conglomerate overlain by planar laminated sandstone, and the thinly bedded sandstones 
and siltstones (Figs. 2-10A, 2-10B, 2-10C, and 2-10D). The scour-and-fill structures are a 
few to 5 m deep and a few to 20 m wide, and filled with cobble sized hard-clast 
conglomerates and mud clast conglomerate (Fig. 2-10D). The hard-clast conglomerates are 
imbricated, clast supported, and moderately sorted. Some scour-and-fill structures show 
upward fining from the hard-clast cobble conglomerates to mud clast onglomerate, and to 
weakly stratified and structureless sandstones with rare mud clasts (Fig. 2-10D). The scour-
and-fill structures display backset bedding in a flow parallel view (Fig. 2-10C). The 
conglomeratic scour-and-fill structures are overlain by planar stratified sandstone (1–3 m 
thick), and thinly bedded siltstone and sandstone (1–10 m thick) (Fig. 2-10B). These 
sandstone or siltstone-and-sandstone facies are distributed in lenses bounded by erosional 
surfaces, and their tops are commonly erosional due to overlying scour-and-fill structures 
(Figs. 2-10A and 2-10B). 
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 In the Capistrano Formation, the amalgamated scour-and-fill sandstones and 
conglomerates outcrop in a slightly oblique flow parallel direction (Camacho et al., 2002). 
The size of the scour-and-fill structures varies from small scale (a meter deep and a few m 
wide; Fig. 2-11A) to large-scale (5–10 m deep and 40–50 m wide; Fig. 2-11B). The scours 
are filled with mud clast conglomerates or cobble and pebble siz d hard-clast 
conglomerates, and fine upward into sandstones. The sandstones are mainly medium to 
coarse grained, and weakly stratified. 
2.4.5 Scour-and-Fill Conglomerates 
 The scour-and-fill conglomerates occur in the upper part of the Scripps Formation 
(Figs. 2-10A and 2-10B). The conglomerates consist of similar lithological facies with the 
above amalgamated scour-and-fill bedforms, but have a more lenticular, erosionally bound 
appearance, and a less uniform lateral extent (Figs. 2-12A, 2-12B, and 2-12 C) in the 
succession of Figure 2-10A. Erosional bounding surfaces (1–30 m deep and 5–100 m wide; 
Fig. 2-10B) separate the lenticular units that are amalgamated at least across 1,100 m (Fig. 
2-10A). The conglomerates fill the scours and occur as lenses above irregular pockets of 
scours along the erosional bounding surfaces (Fig. 2-10B). The conglomerates are mainly 
composed of clast supported, moderately sorted cobble sized hard clasts, occasionally with 
abundant mud clasts. The conglomerate lenses are 1–8 m thick, and a few to 60 m wide. 
Some scour margins are steep and highly irregular, and contain a high proportion of mud 
clasts (Fig. 2-12C). There are also internal scour surfaces within the conglomerate lenses, 
aligned with mud clasts. The scour-and-fill conglomerates show backset bedding in a flow 
parallel view (Fig. 2-12B). The basal scour surface is asymmetric wi h a steep upstream and 
gentle downstream margin. The thickness of the backset beds is 3–4 m and the accretion 
angle 15–20°. These scour-and-fill conglomerates are overlain by and l terally encased in 
the scour-and-fill mud clast conglomerates (Figs. 2-10B and 2-12A). The mud clast 
conglomerates are amalgamated, and thus the scour surface difficult to observe. Thinly 
bedded siltstone and sandstone become dominant stratigraphically upward (Fig. 2-10A).  
Such conglomerates also occur as amalgamated bedforms in the basal parts of the 
channels of the Scripps Formation. The individual bedforms form 15–30 m long and 3–6 m 
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thick lenticular bodies (Figs. 2-12F and 2-12 G) with common backset bedding (5–20°) and 
low angle scour-and-fill and foreset bedding (Fig. 2-12F).  
2.4.6 Heterolithic Fine-Grained Scour-and-Fill Bedforms 
 These heterolithic scour-and-fill bedforms occur in slope channels of the Juncal 
Formation (Fig. 2-2). The heterolithic deposits in places overlay sandstone bedforms 
described above (bedform types A to D), while in other places they constitute the whole 
fi lls of channels. The scour-and-fill structures occur as ero ionally based, concave-up 
structures on two different scales, 0.1–2 m deep and a few to 10 m wide on a small scale 
(Fig. 2-13A), and a few to 5 m deep and 10–3  m wide on a large-scale (Fig. 2-13 B), 
where both display cross-cutting geometry. The heterolithic facies is dominated by 
structureless to weakly laminated siltstone, and also contains fine to coarse grained 
sandstone and granule conglomerate lenses, or thin beds (Figs. 2-13C and 2-13D). The 
lenses are a few cm wide and a few mm thick, and occur along discontinuous, undulating 
surfaces. The thin beds are 0.1–0.3 m (up to 2 m) thick and 10–20 m wide and fill small 
scours, or occur as the basal fills of large scours (Figs. 2-13A and 2-13 D). The sandstone 
beds are dominated by convex-up low angle laminations and scour-and-fill structures (Fig. 
2-13D).  
2.4.7 Heterolithic Fine-Grained Backset and Long Wavelength Lenticular Bedded 
Bedforms 
 The heterolithic fine-grained backset and long wavelength lenicular bedded 
bedforms occur in the Juncal Formation (Figs. 2-7A and 2-14A), in the Ardath Shale (Fig. 
2-9D), in the upper part of the Scripps Formation (Fig. 2-10A), and in the Capistrano 
Formation (Figs. 2-15A and 2-15B). These bedforms are composed f thinly bedded 
siltstones and sandstones. Individual beds are a few mm to 30 cm thick (Figs. 2-9D and 2-
15B), and their thickness changes randomly without any trends in the vertical section. The 
individual bed boundaries are erosive and undulating, and in places thin beds are terminated 
in a few to 10 m, forming lenticular geometry. The dominant grain size is siltstone and very 
fine to fine-grained sandstone, with occasional medium-grained sandstone (Fig. 2-7D). The 
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siltstone is structureless to weakly laminated. The very fine to fine-grained sandstone is 
planar laminated, with the lamina commonly aligned by organic matter fragments. 
Interbeds of medium-grained sandstones are planar laminated or normally graded, a few to 
50 cm thick, and are sharply underlain and overlain by siltstone. In the Juncal Formation, 
the heterolithic fine-grained deposits exhibit backset bedding, s milar to the sandy backsets, 
in a flow parallel view (Fig. 2-14A). The backsets vary from gentle to steep with 5–15°, 
and are 5–20 m wide and 1–3 m thick. As compared to the sandy backsets, they have 
similar or slightly gentler angles. In the small scale, th  heterolithic fine-grained facies 
display flaser bedding like structures, where lenticular, ve y fine to fine-grained sandstone 
lenses (a few to 10 mm thick) are encased in siltstones (Fig. 2-14B). However, the ripple-
scale thin sandstones lenses have erosional and undulatig upper and lower bounding 
surfaces, and internal erosional accretion surfaces, which are overlain by thin siltstone 
drapes, 1 to a few mm thick.   
 Similar flaser-bedding like facies also occur in the Capistrano Formation, where 
they occur as isolated ripple-like structures of fine-grained sandstones encased in siltstone 
(Fig. 2-15D). The sandstone lenses are bounded by erosion surfaces and draped by siltstone. 
Internally, the sandstone lenses are structureless, or have weak undulating planar 
laminations. The lenses lack regular steep foreset laminations observed in true ripples. In 
places, bioturbation occurs, partially destroying the sedimentary structures. Another 
heterolithic facies in the Capistrano Formation occurs as mm-scale alternating siltstone and 
medium-grained sandstone, with mud clasts and internal erosion surfaces exemplifying the 
sigmoidal shaped backsets (Fig. 2-15C). Also on a large-scal , these heterolithic facies 
occur in 20 m thick and 100 m wide sigmoidal backsets with internal erosion surfaces (Fig. 
2-15E). These bedforms contain downstream-acing steep erosion surfaces that are onlapped 




Fig. 2-13. Bedform type F: Heterolithic fine-grained scour-and-fill bedforms, Juncal Formation. Regional paleocurrent is 230°. (A) 
Scour-and-fill structures, 0.1–2 m deep and a few–10 m wide in heterolithic deposits. (B) Cross-cutting scour-and-fill structures, a 




Fig. 2-14. Bedform type G: Heterolithic fine-grained backset and lo g wavelength 
lenticular bedded bedforms, Juncal Formation. (A) Two heterolithic fine-grained layers 


















Fig. 2-15. Bedform type G: Heterolithic fine-grained backset and long wavelength lenticular bedded bedforms, Capistrano Formati n. 
Outcrop orientation is 140°, and regional mean paleocurrent direction is 312°. (A-B) Erosionally bound thinly bedded heterolithic 
fine-grained deposits, alternating with sandstones on cm-dm scale. (C) Millimeter-scale alternating siltstone and medium-grained 
sandstone with mud clasts and internal erosion surfaces. Th  line drawing in the lower figure exhibiting small-scale sigmoidal-shaped 
backsets with onlap relationships with downcurrent-dipping erosion surfaces. (D) Erosionally bound ripple-like structures of fine-
grained sandstones encased in siltstone and very fine-grained sa dstone. Note internal low-angle laminations. (E) Modified 
interpretation of outcrop at San Clemente State Park from Camacho et al. (2002) illustrates large-scale sigmoidal-shaped backsets with 








2.5 Discussion on Hydrodynamic Interpretations 
 Below follow hydrodynamic interpretations of the above described bedform types. 
The key criteria used for interpretation as supercritical flow deposits are the presence of 
backsets, lack of steep (≥30°) foresets, and dominance of low-angle (<20°) convex- or 
concave-up laminations, such as scour-and-fill and convex-up low angle bedforms. Their 
proportions, geometries, and lateral transitions determine the specific interpretation as 
antidunes, chutes-and-pools, or cyclic steps (see e.g. Figure 3 of Cartigny et al., 2014). The 
most controversial interpretations are on structureless and graded beds, and on heterolithic 
siltstones and sandstones with ripple-scale bedforms. The former, because structureless and 
graded facies are known to form either, create sub- or supercritical flow, and indicate high 
deposition rates. High sediment concentrations and high deposition rates suppress bedform 
formation (e.g., Allen and Leeder, 1980; Sumner et al., 2008), and produce poorly graded 
and laminated structureless deposits, graded deposits, and faint planar laminations (Kneller 
and Branney, 1995; Leclair and Arnott, 2005; Sumner et al., 2008). Here, th  lateral 
association of the high-deposition rate structures with backsets and/or low-angle convex- or 
concave-up structures is used as a criterion for their int pretation as hydraulic jump 
deposits (see also Postma et al., 2009). Furthermore, it has been argued that some traction 
features, such as faint or gradational planar laminatios, are likely to form even at very high 
deposition rates (e.g., Leclair and Arnott, 2005), and that hydraulic jumps with their high 
energy loss are the most likely setting to produce truly structureless and poorly sorted 
deposits (Leclair and Arnott, 2003). Experimental work further suggests that structureless 
and weakly laminated facies are common in supercritical flow deposits, especially where 
hydraulic jumps develop (Cartigny et al., 2014). The heterolihic facies are controversial 
because published experimental data is lacking on fine-grained supercritical flow deposits, 
and because ripple-scale supercritical flow deposits have not been previously described 
from outcrops.  
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2.5.1 Tabular to Lenticular Sandstones with Backset and Foreset Laminations: 
Unstable Antidunes? 
 Presence of backset lamination and the dominance of the conv x-up low angle 
laminations and scour-and-fill structures (concave-up to flat laminations) in the sandstone 
facies (Figs. 2-5A, 2-5B, 2-5E and 2-5F) indicate deposition fr m Froude supercritical flow 
(e.g., Alexander et al., 2001; Spinewine et al., 2009; Cartigny et al., 2014). The sharp upper 
boundaries of the undulating tabular units (Fig. 2-5B) imply repeated erosion or bypass 
processes, suggesting transient episodes of erosion and deposition, rather than accretionary 
bedform migration. The occurrence of both backset and low-angle foreset laminations 
indicates deposition from unstable antidunes or chutes-and-pools (Cartigny et al., 2014). 
The unstable antidune deposition is further supported by the lateral occurrence of the 
Froude transcritical planar laminations (Figs. 2-3, 2-5B, and 2-5E) (Alexander et al., 2001; 
Cartigny et al., 2014). The irregular thickness changes and erosional lenses in the flow 
parallel view, but the relatively tabular beds in the flow perpendicular views (Figs. 2-5A 
and 2-5B), might be related to the infrequent occurrence of hydraulic jumps.  
The structureless sandstone facies indicate high depositional rates by rapid 
suspension fallout (Sumner et al., 2008; Talling et al., 2012) and weakly stratified facies 
development of high-density shear layers (Sumner et al., 2008). The structureless or weakly 
stratified sandstone facies are laterally associated with backsets and scour-and-fill 
structures, and this is why they are here suggested to be linked to hy raulic jumps, and 
indicate rapid sediment fallout at the hydraulic jump and on the downstream stoss-side of 
the hydraulic jump, respectively (Postma et al., 2009; Cartigny et al., 2014). Despite the 
lateral and vertical association with backsets and scour-and-fill structures, this 
interpretation does remain ambiguous and more data is needed to velop specific criteria 
for distinguishing subcritical and supercritical flow generat d structureless facies. 
2.5.2 Foreset and Backset Bedded Lenticular Sandstones: Chutes-and-Pools to 
Unstable Antidunes?   
 Also in this bedform type, the presence of backsets and the dominance of the 
convex-up low angle laminations and scour-and-fill structures in the sandstone facies (Figs. 
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2-6A, 2-6B, and 2-6C) identifies the bedform as a Froude supercritical flow deposit (e.g., 
Alexander et al., 2001; Spinewine et al., 2009; Cartigny et al., 2014). Similar to bedform 
type A, both low-angle foreset and backset bedding occur, but in this bedform the low-
angle downstream accretion, a higher degree of sandstone bed amalgamation, a longer 
wavelength of thickness change in lenticular sandstone, and the rare occurrence of planar 
laminated sandstone (Figs. 2-3 and 2-6E) suggest chute-and-pool rather than unstable 
antidune deposition (Cartigny et al., 2014). However, the relativ ly gentle low angle 
backset and forest bedding fits better with unstable antidunes (Muto et al., 2012; Cartigny 
et al., 2014).  
2.5.3 Backset Bedded Sandstones: Cyclic Steps?   
 Also in bedform type C, the backsets and the dominance of scour-and-fi ll and 
convex-up low angle laminations (Figs. 2-7A, 2-7C, and 2-7D) indicate deposition from 
Froude supercritical flow (e.g., Alexander et al., 2001; Spinewi  et al., 2009; Cartigny et 
al., 2014). In this bedform type, the relatively organized upstream accreting deposits 
indicate regular occurrence of hydraulic jumps, and thus migration of cyclic steps, or large-
scale antidunes (Cartigny et al., 2014). The relatively highangle (up to 15°) of the backset 
bedding further suggests deposition from cyclic steps, as the hig  fluctuation of the Froude 
number in cyclic steps tends to form a steeper angle between h  stoss and lee sides, as 
compared to antidune migration (Cartigny et al., 2011, 2014).  
In bedform type C, normally graded facies transition upward into laminated facies, 
in addition to lateral transitions into backsets and low-angle convex- and concave-up 
laminations. This is interpreted to indicate systematic upstream migration of cyclic steps, 
where normally graded facies formed at the hydraulic jump and laminated facies 
downstream of the jump (see Cartigny et al., 2014; Postma et al., 2014). As flow transitions 
from supercritical to subcritical conditions at the hydraulic jump, flow velocities abruptly 
drop, causing rapid sediment fallout (Postma et al., 2009; Cartigny et al., 2014). Deposition 
rates decrease somewhat downstream of the hydraulic jump,where flow accelerates into 
transcritical and then supercritical conditions, producing weak to distinct laminations 
(Cartigny et al., 2014).  
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These backset bedded lenticular sandstones are similar to the sandstone bedforms 
(1.5 to 2 m thick and tens meter of long) described in some previous studies (see Figure 12 
of Postma et al., 2014 and Figure 47.4 of Postma et al., 2016), where they are also 
interpreted as the cyclic step deposits.  
  
2.5.4 Amalgamated Scour-and-Fill Sandstones and Conglomerates: Cyclic Steps? 
 In bedform type D, the dominant scour-and-fill structures (Fig. 2-10D), and the 
additional backset bedding (Fig. 2-10C) in the Scripps Formation indicate Froude 
supercritical flow (Alexander et al., 2001; Cartigny et al., 2014). Low proportion of planar 
laminated facies lateral to the scour-and-fill structures (Fig. 2-3) suggests deposition from 
cyclic steps, rather than unstable antidunes or chutes-and-pools (Cartigny et al., 2014). A 
characteristic feature of this bedform type is upward-fining of deposits above the scour 
surfaces, as the sedimentary structures transition upward from structureless to laminated. 
Upward fining trends are commonly interpreted as a signature of a waning flow (e.g., 
Kneller, 2005). However, upward fining may also be a result of upstream migration of 
hydraulic jumps, where structureless deposits (unorganized conglomerates and structureless 
sandstones) form at the hydraulic jump, and finer-grained laminated deposits downcurrent 
of the hydraulic jump (Postma et al., 2009; Postma and Cartigny, 2014). As the hydraulic 
jump migrates upstream, the coarsest structureless deposits are overlain with gradually 
better organized and finer grained deposits, as documented above. In the Scripps Formation, 
backset bedding can be observed to transition vertically gradually into planar stratified and 
laminated sandstones (Figs 2-10C and 2-10D), marking upstream migration of hydraulic 
jumps, where backsets formed on the downstream stoss side of the jump, and laminated 
facies further downstream (see also Cartigny et al., 2014). Alternatively, the planar 
laminated sandstone may have formed in transcritical flow c nditions lateral to antidunes. 
In particular, the planar laminated sandstones of the Torrey Sandstone can be interpreted as 
such, as the distribution of planar laminated sandstones is laterally more extensive 
compared to the width of the scour-and-fill structures (Fig. 2-9B). Whereas other examples 
from the Juncal and the Capistrano Formations (Figs. 2-8Aand 2-11A) exhibit more 
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amalgamated scour-and-fill structures, where their upward fining successions from 
disorganized mud clast conglomerates to structureless or weakly stratified sandstones are 
bound by scour surfaces, and thus more likely to be related to migrating hydraulic jumps. 
The supercritical flow origin is further supported by the disorganized nature and 
large size of mud and hard clasts (Figs. 2-8B, 2-9C, 2-10D, and 2-11A). These scour-and-
fill structures are similar to the upward fining scour-and-fill struc ures with mud clast and 
poorly sorted pebbly sandstone basal fills, described in Postma at al. (2014) as supercritical 
flow bedforms.  
Unless deposits with such vertical trends are laterally associated with backsets or 
scour-and-fill structures, it is impossible to interpret whether deposition occurred from 
subcritical waning flow or supercritical flow. Furthermore, without the conglomerates 
filling the bases of the scours, the scours may be difficult to observe, as the sandstones may 
just look structureless (e.g., in the Torrey sandstone). Thus, interpreting structureless to 
weakly laminated and/or upward-fining sandstones remains ambiguous. 
2.5.5 Scour-and-Fill Conglomerates: Cyclic Steps? 
 Presence of backsets and scour-and-fill structures (Figs. 2-12A, 2-12B, and 2-12C) 
allows for interpreting bedform type E as supercritical flow deposit (Cartigny et al., 2014; 
Postma et al., 2014). The asymmetric scour shape with high an le on upstream and low 
angle on downstream side further (Fig. 2-12B) suggests the pres nc  of hydraulic jumps, as 
erosion occurs on the upstream lee side and deposition on the downstream stoss side of the 
hydraulic jump (Van den Berg et al., 2002; Cartigny et al., 2011; Symons et al., 2016). The 
consistent backsets bedding (Figs. 2-12B, 2-12F, and 2-12G) suggests deposition in cyclic 
steps. The cobble-sized hard-clast conglomerates further confi m high velocity of the flows.  
2.5.6 Heterolithic Fine-Grained Scour-and-Fill Bedforms: Cyclic Steps? 
 Interpretation of these fine-grained facies as supercritical flow deposits is highly 
ambiguous, as there are no published experimental results to compare to. The here 
presented suggestion as supercritical flow deposits is based on the presence of the smaller-
scale scour-and-fill structures in the sandy parts of these heterolithic scour-and-fill 
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bedforms (Fig. 2-13D), and their morphological similarity to the large scale as well as 
experimental scour-and-fill structures (see e.g., Cartigny et al., 2014). Additional argument 
comes from the experiments that show that the amplitude of Froude number fluctuations 
increases across the hydraulic jumps with increasing Fr90 (Cartigny et al., 2014). Thus, 
these bedforms may potentially indicate even higher amplitude of the Froude number 
fluctuations than the cyclic steps that form sandy or conglomeratic scour-and-fill bedforms, 
especially if fluid mud processes (Talling et al., 2012), local flow collapses (Lowe, 1982; 
Kneller and McCaffrey, 2003), or slumping of the upstream steep side of the hydraulic 
jump (Cartigny et al., 2014) are invoked. Another specific feature of these heterolithic beds 
is the large grain size jump from granule lenses or relativ ly coarse sandstones to siltstones 
within individual beds (Figs. 2-13A and 2-13D), indicating bypass and fst flow. An 
alternative interpretation for these heterolithic beds is that even if granules and sands were 
deposited from supercritical flow, the siltstones are deposited from the tails of waning 
turbidity currents. Hitherto unpublished experimental results by the authors do confirm that 
silt and clay can be deposited at hydraulic jumps. 
2.5.7 Heterolithic Fine-Grained Backset and Long Wavelength Lenticular Bedded 
Bedforms: Cyclic Steps or Antidunes? 
 Interpretation of bedform type G has the same issues as bedform type F, since fine-
grained heterolithic facies have not been produced in published experiments or previously 
suggested from outcrops. However, the presence of backsets (Fig. 2-14A) provides a 
stronger argument for supercritical flow deposition, and also  morphological comparison 
to the considerably larger, 0.5–3 km long wavelength fine-grained sediment wave deposits 
documented from deepwater settings and interpreted as cyclic steps (e.g., Migeon et al., 
2000; Nakajima and Satoh, 2001; Normark et al., 2002; Kostic, 2014), as well as to the 
cyclic steps produced by flume experiments (e.g., Cartigny et al., 2014). The large-scale 
backsets in the Capistrano Formation (Fig. 2-15E) are on a similar scale with backset 
bedding documented from outcrops exposing delta front deposits (see Figure 2-2 of Ventra 
et al., 2015a), where the repetitively sigmoidal geometry (several tens m long) with steep 
downstream facing surfaces and onlapping flat backset were intepret d as cyclic step 
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migration (Massari, 1996; Ventra et al., 2015a, 2015b), based on their similarity to 
geometries produced by flume experiments, and those documented in s diment waves.  
The morphologically flaser bedding like structures (Figs 2-14B), that internally 
show weakly planar or low-angle laminations and are sandsto e lenses bounded by erosion 
surfaces, were also described by Alpak et al. (2013) and interpret d to reflect bypass. These 
erosional lenses are also similar to supercritical flow bedforms formed by flume 
experiments of Spinewine et al. (2009).  
2.6 Relationship Between Fine-Grained, Sandstone, and Conglomeratic 
Bedforms 
 The here described bedforms in conglomerates, sandstones, and heterolithic 
deposits have variable spatial relationships. A common motif is that the lenticular 
sandstones (bedform types A, B, and C) are interbedded, or ncased in heterolithic deposits 
(Figs. 2-16A). The lenticular sandstones are decimeter to 7 m thick and a few to 100 m long 
(Figs. 2-5A, 2-6A, and 2-7A). The interbedding occurs in decimter to a few meter vertical 
scale (Figs. 2-5F, 2-6C, and 2-7D). These alternations of sandy and heterolithic intervals 
are bounded by erosional and sharp contacts. Upstream and downstream transition from the 
sandstone to heterolithic deposits also show erosional and sharp lithological contacts (Figs. 
2-4A and 2-6A), whereas the lateral transitions exhibit a more gradual change. For example, 
a 100 m wide bedform type A changes gradually into heterolithic fne-grained facies across 
10–20 m laterally (Figs. 2-17A, 2-17B, and 2-17D). The amalgamated sn stone beds 
laterally thin and become interbedded with heterolithic facies (Fig. 2-17B), and the 
individual sandstone beds become silty laterally (Figs. 2-17B and 2-17D).   
Amalgamated conglomeratic and sandy bedforms (bedform types D and E) are less 
interbedded with heterolithic deposits, and are commonly laterally or vertically associated 
(Fig. 2-16B). They vary from almost only hard-clast conglmerate bedforms (Figs. 2-12F 
and 2-12G) to sandstone dominated bedforms (Figs. 2-9B and 2-9C).Mixed amalgamated 
examples are shown in Figures 2-12A, 2-11A, 2-10D, and 2-8A in order f creasing 
hard-clast conglomerate proportions.  
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The lenticular geometries of sandstones (bedform types A, B, and C) in flow 
parallel views have a morphological similarity with upslope migrating crescent-shape 
bedforms associated with hydraulic jump on modern sea floor (e.g., Normandeau et al., 
2014; Huges Clark, 2016). Bathymetric difference profiles of suchupstream migrating 
bedforms in a flow parallel view indicate lenticular geometries (a few meters thick and tens 
of meters long) formed by erosion on the upstream lee side and deposition on the 
downstream stoss side. The crescent-shape bedforms have deeply scoured axis that laterally 
and gradually become shallow across 10–20 m along the scour trend (Normandeau et al., 
2014; Huges Clark, 2016). This indicates lateral attenuation of the hydraulic jmps on tens 
of meters scale, and may cause the more gradational lateral facies changes.  
Regionally calculated proportions of the bedform types show t at the heterolithic 
bedforms dominate in all datasets, except for the Capistr no Formation (Fig. 2-18). This 
difference may be related to the smaller size of the Capistr no Formation dataset, or to the 
lower slope setting (Camacho et al., 2002), as all the othr datasets are interpreted as upper 
to middle slope deposits (May and Warme, 2000; Turner et al., 2015). There are also 
differences in the distribution of the sandy and congl meratic bedforms, as bedform types 
A, B, and C only occur in the Juncal Formation.  
2.7 Relationship between Bedforms and Channel and Lobe Elements 
 The tens of meters wide scour-and-fill structures and 100 m wide lenticular 
sandstones can easily be misinterpreted as channels, especially if the outcrop size does not 
allow for documentation of larger-scale bounding channel surfaces. Figure 2-19 illustrates 
the relationship of the here described meter to hundred meter scal  sedimentary structures 
and geometries with the channel forms. As compared to the es ablished hierarchical scales 
(Sprague et al., 2002, 2005), the bedforms described here are comparable to storeys of 
Friend et al (1979), and the sedimentary facies to bed or bedset scales of Campbell (1967).  
 There are three main varieties of channel fills, two with basal sandstones and upper 
heterolithic facies, and one with basal conglomerates nd upper sandstones (Fig. 2-19). The 
former is composed of basal 15 to 25 m thick sandstone intervals overlain with heterolithic 
bedforms (Figs. 2-2, 2-9A, and 2-17A), and the latter of the basal conglomeratic bedforms 
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and overlain the amalgamated sandstones (Fig. 2-12D). Figure 2-19 illustrates the cross 
sectional and flow parallel relationships of the scour-and-fill structures and lenticular 
sandstones of the basal sandstones with the larger-scal  channels (see also Figs. 2-2, 2-5A, 




Fig. 2-16. (A) Conceptual geometry of lenticular sandstone  heterolithic bedforms. (B) 





Fig. 2-17. (A) Photomosaics from the Juncal Formation, showing the relationships between a channel and sandy and heterolithic 
bedforms. (B) Sandy bedforms transition laterally into heterolithic bedforms, and bedforms are separated by multiple different erosion 





Fig. 2-18. Areal proportions of the documented seven bedform types in each of the 
formations. The area of each dataset is indicated. 
 
 
  The more tabular bedforms associated with bedform type A that occur in the sandy 
to heterolithic channel fills (Figs. 2-5B and 2-19) could be misinterpreted as individual lobe 
elements. An example from the Juncal Formation illustrates  100 m wide slightly 
mounded tabular shaped sandstones along the base of a 900 m wide channel (Fig. 2-17A 
and 2-17C). Thus, only outcrops larger than hundreds of meters wide can reveal the 
architectural relationship between the supercritical flow bedforms and channels in 
continental slope settings. Furthermore, in a few tens of meters wide outcrops, even the 





Fig. 2-19.  Conceptual sketch illustrating the here described meter to hundreds of meters scale bedforms and their relationship with 




2.8 Is Supercritical Flow Common in Slope-Channels on Active Margins? 
 On the modern seafloor, Symons et al. (2016) show that large-scale sediment waves 
(300–7000 m wavelength) occur in all tectonic settings, whereas small-cale sediment 
waves (20–300 m wavelength), similar in size to bedforms described in this paper, are 
restricted to deltas, or submarine slope channels and canyons i  f rearc basins (Lonsdale 
and Malfait, 1974), tectonically active basins (e.g., Paull, 2011; Paull et al., 2013), and 
along isolated volcanic islands (Babonneau et al., 2013). Also, in ancient outcrops, 
dominant supercritical flow deposition has been linked to canyons on forearc continental 
margin (Ito et al., 2014), canyon to channel-lobe settings in tectonically active margins 
(Postma et al., 2014, 2016), and steep delta fronts (Massari, 1996; Lang and Winsemann, 
2013; Fricke et al., 2015). Modeling and experimental studies demonstrate that a slope 
steeper than 0.6–1° promotes turbidity currents to accelerate to supercritical flow (Komar, 
1971; Pirmez and Imran, 2003; Sequeiros, 2012). One degree slopes are not especially 
steep and are common on many shelf margins (e. g., Harris and Whiteway, 2011).  
Other criterion critical for turbidity current velocity is sediment concentration 
(Simpson, 1982; Sequeiros et al., 2009). For example, supercritical flow on delta fronts has 
been linked to seasonally high discharges containing high sediment concentration (e.g., 
Fricke et al., 2015; Huges Clark, 2016). Active margins receive sediment from small “dirty” 
rivers with high sediment concentrations able to produce hyp rp cnal flows (Mulder and 
Syvitski, 1995), and promote turbidity current acceleration. The steep slopes combined with 
high sediment supply may thus be especially likely to promote sup rcritical flow turbidity 
currents. 
High sediment supply also provides high aggradation rates, which are necessary for 
preservation of supercritical flow deposits (e.g., Alexander et al., 2001; Russell and Arnott, 
2003; Fielding, 2006; Lang and Winsemann, 2013). We thus conclude that ac ive margin 




 This paper identifies conglomeratic, sandy, and heterolithic bedforms as Froude 
supercritical flow deposits based on their (1) long wavelength and low amplitude 
geometries that range from centimeter to hundreds of meters scale, (2) presence of low-
angle (<20°) foresets and backsets, (3) presence of concave-up geometries of scour-and-fill 
and convex-up geometries, and also (4) presence of bounding and internal erosion surfaces. 
These characteristic Froude supercritical flow features ar  in places laterally linked to 
planar laminations, structureless, and normally graded deposits. Deposit grain size ranges 
from boulder-size soft-clast conglomerates and cobble-size hard-clast conglomerates, to silt 
and mud. 
Such bedforms were identified in three different active margin settings, the Eocene 
Juncal Formation, the Eocene La Jolla Group, and the Miocene-Pliocene Capistrano 
Formation, where they volumetrically dominate the exposed sedimentary successions. This, 
together with the comparison with modern active margin slopes, suggests that supercritical 
flow turbidity currents may be significant processes on such continental margins.  
Despite these datasets and the datasets referenced in this paper, recognition of 
supercritical flow sedimentary structures remains a challenge, as the long wavelength and 
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CHAPTER 3  
OUTCROP EXAMPLE OF A CHANNELIZED SLOPE F AN, 
EOCENE JUNCAL  FORMATION: ARCHITECTURE AND 




 This paper documents an outcrop example of a channelized slope fan complex from 
the Juncal Formation of the southern Californian Eocene forearc basin. This dataset 
demonstrates that the slope fan consists of channels 360-860 m wide and 25-60 m deep that 
display a relatively high aspect ratio. The majority of the fan volume is formed by avulsive 
channel complexes. Individual channels have sandy to heterolithic, or just heterolithic, fills. 
Some channels are vertically stacked and composed of sandstone fills. All channel fills are 
dominated by Froude supercritical flow facies and geometries, and indicate frequent 
erosion and sediment bypass that alternated with rapid local deposition.    
3.2 Introduction 
 Slope fans and aprons on continental slopes are widely recognized by seismic 
surveys (Adeogba et al., 2005, Beaubouef and Friedmann, 2000; Barton, 2012) and modern 
sea floor imaging studies (Wynn et al., 2000; Gamberi and Rovere 2011), which provide an 
understanding of detailed geomorphology in a plan view. These studies show that slope 
fans and aprons are composed of channels, which are relatively straight, and considered to 
be dominated by bypass and erosional processes (Gamberi and Rovere, 2011). Sediment to 
the slope fans or aprons is delivered through feeder channels that occur on relatively steeper 
slopes, and the fans or aprons form on relatively gentler slopes where the channel becomes 
avulsive, or the complex has a distributive pattern (Adeogba et al., 2005; Gamberi and 
Rovere, 2011; Barton, 2012; Gamberi et al., 2014).  
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Outcrop examples of such continental slope systems are rare (Eschard et al., 2004; 
Browne and Slatt, 2002), and thus the sedimentary architecture and facies are not yet fully 
understood. The Eocene Juncal Formation in southern California is one such example that 
has been interpreted as a slope fan (Dykstra et al., 2011, Turner and Dykstra, 2011; 
Duvernay, 2012; Turner 2015). However, previous work does not document channels in the 
Juncal Formation, and the fan has been considered to consist f lobes.   
 This paper further details the previous studies of the Juncal Formation, and 
documents channels in this slope fan that are filled with sandy to heterolithic fine-grained 
deposits that indicate deposition from Froude supercritical flow. Bedforms on the modern 
deepwater slopes (e.g., Migeon et al., 2000; Nakajima and Satoh, 2001; Normark et al., 
2002; Fildani et al., 2006; Paull et al., 2010; Covault et al., 2014; Normandeau et al., 2014; 
Symons et al., 2016; Hughes Clarke, 2016) provide evidence for the occurrence of Froude 
supercritical flow in slope channels and submarine canyons on active continental margins. 
The bedforms (tens to hundred m long; Hughes Clarke, 2016) shaped crescent-shaped 
exhibit upslope migration (e.g., Mazières et al., 2014; Hughes Clarke, 2006). These Froude 
supercritical flows potentially also influence the stratigraphic architectures of the channel 
complex, elevating avulsion rate (Hoyal and Sheet, 2009; Hamilton et al., 2015). The paper 
further discusses channel fill processes for such channels.   
3.3 Geological Setting 
 The middle Eocene Juncal Formation is a part of the Upper Cretaceous-Paleogene 
12.8 km thick Great Valley sequence deposited in the Californian forearc basin (Fig. 3-1) 
(e.g., Page et al., 1951; Dibblee, 1987). The Juncal Formation is nterpreted as turbidites 
and marine mudstones and it unconformably overlies Cretaceous granitic rocks (Schlee, 
1952; Yamashiro, 1989) which intruded the Proterozoic crystalline bas ment (Kellogg et al., 
2008), Cretaceous to Paleocene marine deposits, and locally the lower to middle Eocene 
Sierra Blanca Limestone (Fig. 3-2) (Page et al., 1951; Bronson, 1986; Thompson, 1987). 
The Juncal Formation is overlain by the middle Eocene shallow marine Matilija Formation 
(Fig. 3-2) (Page et al., 1951; Bronson, 1986; Thompson, 1987).  
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 The Great Valley sequence is well exposed in the western Transverse Ranges to the 
southern Coast Ranges, south of the Santa Ynez Fault in western Ventura County (Page et 
al., 1951; Dibblee, 1987) (Fig. 3-1A). This paper focuses on the Juncal Formation 
exposures within the Pine Mountain fault block in the Fraze  Park area (Fig. 3-1A). The 
Pine Mountain fault block is located at the southern end of the Coast Ranges (Onderdonk, 
2005) (Fig. 3-1A). This region is affected by the rotational movement of the western 
Transverse Ranges (Fig. 3-1B), which experienced approximately 90 degrees of the 
clockwise rotation since the early Miocene (e.g., Luyend k, 1991). The rotational 
movement of the western Transverse Ranges brought significant compressional tectonic 
force into the transition zone, the western Transverse Ranges, and the southern Coast 
Ranges. As a result, a big thrust-fault system, including the Eastern Big Pine fault and the 
Pine Mountain Fault, and multiple anticline-syncline folds, were created from the middle 
Miocene through the late Pliocene (Onderdonk, 2005).  
The Juncal Formation in the Pine Mountain fault block forms the lower part of the 
overall shallowing upward Eocene-Oligocene sequence, which is widely recognized in the 
Santa Ynez Mountains (Van de Kamp et al., 1974) (Fig. 3-1A). This sequence is bounded 
by the Eastern Big Pine fault in the northwest, and the Pine Mountain fault in the south. 
The sequence is in unconformable contact with the Cretaceous and Proterozoic crystalline 
basement in the northwest, and with the late Miocene formations in the north (Dibblee and 
Minch, 2006a; Dibblee and Minch, 2006b; Kellogg et al., 2008).  
The Juncal Formation was documented as continuous sheet-like sandstone packages 
and interpreted as outer-fan deposits in the Santa Ynez Mountains, 30 km southwest of the 
Frazer Park area within in the Pine Mountain fault block (Bronson, 1986; Thompson, 1987), 
and as shoreface to transition zone deposits in the Piru Creek region, approximately 45 km 
southeast (Yamashiro, 1989). Previous studies in the Frazer Prk area established the 
stratigraphic framework (Fig. 3-2), and identify the Juncal Formation as a slope fan 









Fig. 3-1. (A) Regional geological map of the boundary zone between southern Coast Ranges and western Transverse Ranges, southern 
California (USA), showing the locations of the study area (geological map modified from Jennings et al., 2010, and tectonic 
framework from Onderdonk, 2005). (B) Reconstruction of Cretaceous-Eocene paleogeography of southern California, showing the 
position of the volcanic arc, forearc basin, and the subduction trench-accretionary wedge complex (modified from Crouch and Suppe, 
1993). (C) Geological Map of the Frazer Park study area (modified from Turner, 2015). The Juncal Formation in the Western slope 
systems dips 25° to 45° southward. (D) Detailed geological map of the Western slope system, showing locations of photom saics and 
measured sections (map modified from Turner, 2015). Paleocurrent indicators are dominantly towards southwest (230°). (E) Location 
of the measured sections in Region F (See Figure 3-1D for location). The white dotted line encloses the area of the correlation panel of 
Figure 3-17. The blue dotted line indicates the location of Cliff  (Fig. 3-9). The base photograph from Google Earth. The continuous 










Fig. 3-2. (A) Regional stratigraphy (modified from Can De Kamp et al., 1974). (B) Four 
units recognized in the western slope system of the Pine Mountain Fault block (Turner, 
2015). The channel complexes are simplified from traced photomosaics. 
 
The slope water depth is estimated to 500-2000 meters based on b nthic foraminifera 
(Turner, 2015). The 2.7 km thick succession is subdivided into four stratigraphic units 
(Unit 1-4), which are interpreted to follow an overall shallowing trend from middle to 
upper slope, and to the shelfal region (Turner, 2015). The slop  uccession shows 
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lithological variability between a western siltstone dominant region and an eastern 
sandstone and conglomerate dominated region (Fig. 3-1C). This study focuses on Units 1 to 
3 in the western region (Fig. 3-1C). 
3.4. Dataset and Methods 
 This paper primarily utilizes measured stratigraphic sections and large-scale 
photomosaics (Fig. 3-1D). Photomosaics taken at Cliff A to E (Fig. 3-1D) were used to 
identify and trace the large-scale architecture, bed geometry, and stacking pattern. 
Stratigraphic sections, measured at cm scale in Region F and G (Fig 3-1D and 1E), were 
used to identify detailed lithofacies. Sedimentary facies w re identified based on lithology, 
grain size, sedimentary structures, bounding surfaces, bed thicknesses and geometries, and 
biogenetic features. GPS mapping provides high-accuracy location data. Laser range finder 
(model TruPulse 360 / B) was used to measure bed thicknesses and chan el dimensions on 
cliff faces. Paleocurrent measurements were obtained from imbrication of cobble 
conglomerates, ripple laminations, and sole marks.   
 To connect multiscale observations from a bed scale from measured sections to 
large-scale architecture from photomosaics, a hierarchical approach was taken, following 
Sprague et al. (2002, 2005) (Fig. 3-3). The smallest order is the sedimentary facies, 
identified as beds or genetically related bedsets (sensu Campbell, 1967) with thicknesses of 
a few cm to a few m (Table 3-1). The next order is the facies association, identified as the 
storey order of Friend et al. (1979) (or the story order of the Pyles et al., 2007). Each facies 
association is composed of multiple sedimentary facies and forms a meter to a few tens of 
meters thick sandy or heterolithic components of individual channel fills (Fig. 3-3). Next 
order is individual channel fills that consist of genetically related successions of facies 
associations, and have erosionally bound lenticular shapes, 360 to 860 m wide and 25 to 60 

















Table 3-2. Summary of Facies Association 
 
 
3.5 Facies Association 
 Three facies associations are identified, based on deposit lithology, accretion 
orientation as compared to paleocurrent direction, sedimentary structures, and bed 
geometries as heterolithic fine-grained facies associatin, amalgamated and lenticular 
bedded sandstone facies association, scour fill conglomerate and sandstone facies 
association, and lateral accretion sandstone facies associ tion. The first two facies 
associations are further subdivided into subunits. Facies descriptions and facies associations 
are summarized in Table 3-1 and Table 3-2, respectively.   
Decription Interpretation
Amalgamated or lenticular bedded sandstone: Facies association 1
Facies association 1.1: Amalgamated scour and fill sandstone
 Thick amalagmated sandstones (15–20 m) composed of scour and fill structures Froude supercritical flow bedforms (Cyclic steps)
Facies association 1.2: Backset bedded sandstone 
Consistent backset bedded ( a few to 15°) wedged-shape sandstones (5-7 m thick ) Froude supercritical flow bedforms (Cyclic steps)
Facies association 1.3: Foreset and backset bedded lenticular sandstone 
Foreset (a few to 15° ) and backset (a few to 25°) bedded lenticuar sandstones (3-15 m 
thick)
Froude supercritical flow bedforms (Chutes and pools)
Facies association 1.4: Tabular to lenticular sandstone
 20 to 40  m long lenticular  to tabular sandstones (1-4 m thick) with backset (5 to 25°) 
and foreset laminations (5 to 20°).
Froude supercritical flow bedforms (Unstable antidunes)
Heterolithic fine-gained facies association: Facies association 2
Facies association 2.1: Heterolithic fine-grained scour-and-fill deposits
Amalgamated scour-and-fill geometries filled with upward flattening strata composed of 
siltstone dominated facies
Potentially Froude supercritical flow bedorm formed 
by bypass turidity flow
Facies association 2.2:  Backset bedded heterolithic fine-grained deposits
Long wavelength undulating lenticular bedded siltstone and sandstone with backset 
bedding (a few to 15°).
Potentially Froude supercritical flow bedorm formed 
by bypass turidity flow
Lateral accretion sandstone facies association (Facies association 3)
4-13m thick and 10-100 m wide and characteristically conrains lateral accretion (10 to 
25°) sandstone sets
Migration of point bars in sinuous channels
Scour fill conglomerate and sandstone facies association (Facies association 4)
Backset (a few to 10° ) and foreset (a few to 15°) bedded amalag ted beds (8-15 m 
thick) composed of scour and fill structures. Scours are filled with cobble conglomerates 
(1 to 2 m thick to a few to 10m wide) upward-fining to sandstones.  
Froude supercritical flow bedforms (Chutes and pools)
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 Paleocurrent measurements from imbrication of cobble conglomerates, ripple 
laminations, and sole marks indicate a mean paleocurrent dic ion towards 230°, which is 
in agreement with a previous regional study that shows paleocurr nt directions toward 217-
240° (Turner, 2015).  
 
 
Fig. 3-4. Amalgamated or lenticular sandstones (facies association 1) in the flow parallel 
views with their facies proportions. (A) and (B) Amalgamated scour-and-fill sandstone 
(facies association 1.1). (C) and (D) Backset bedded sandstone (facies association 1.2). (E) 
and (F) Foreset and backset bedded lenticular sandstone (facies association 1.3). (G) and 
(H) Tabular to lenticular sandstone (facies association 1.4).  
 
3.5.1 Amalgamated or Lenticular Bedded Sandstone (Facies Association 1) 
 This facies association consists of 10-25 m thick medium-grained sandstones to 
granule conglomerates (Facies A, B, C, and D) that are amalgamated or interbedded with 
72 
 
fine-grained deposits (Facies E and F) and in the lower parts of channel fills (Table 3-1; 
Figs. 3-3 and 3-4). Four subdivisions of this facies associati n are presented below, based 
on the degree of sandstone amalgamation (Fig. 3-4).  
 
Facies Association 1.1: Amalgamated Scour-and-Fill Sandstone 
 Amalgamated scour-and-fill sandstones are 15–20 m thick in the axis of the 
channels and 500 m wide, and have rare fine-grained intervals (Fig. 3-4A). In a flow-
perpendicular view, the amalgamated scour-and-fill sandstones consist of low-angle scour 
surfaces, a few to 5 m deep and 5–40 m wide. Mud clasts (up to 50 cm in diameter) 
commonly occur along the scour surfaces. Individual sandstoe beds are commonly 1–2 m 
thick, consist of coarse-grained sandstone to pebbly granules, and are dominated by weakly 
stratified to structureless facies (Facies A). Normally graded (Facies B), and scour-and-fill 
and convex-up low angle sandstones (Facies C) also occur, but are less common, and planar 
laminated sandstone (Facies D) and thinly bedded siltstone and sandstone (Facies E) are 
rare (Fig. 3-4B).   
 
Facies Association 1.2: Backset Bedded Sandstone 
 Backset bedded sandstones are 14–24 m thick in the axis of channels and 500 m 
wide. They are wedge-shaped, 100 m wide and 5–7 m thick in the flow parallel view, and 
separated by heterolithic facies (Fig. 3-4C). The wedge shaped sandstones thin from 5–7 m 
to only a few m across ca 100 m. In a flow parallel view, the sand tones contain backsets, 
i.e. accretion sets that dip in upstream direction. The angle of backset bedding varies from 
only a few to 15°, and they appear almost flat in downstream direction where the 
sandstones become thicker. Individual sandstone beds are dm to 1.5 m thick, and consist of 
medium-grained sandstone to granule deposits, and are dominated by normally graded 
sandstone (Facies B) and scour-and-fill and convex-up low angle laminations (Facies C) 
(Fig. 3-4D). The wedge-shaped sandstones show characteristic facies changes from 
structureless and normally graded facies (Facies A and B) in the lower part, to scour-and-
fill and convex-up low-angle laminated facies (Facies C) in the upper part. The interbedded 
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heterolithic fine-grained facies are composed of thinly bedded siltstone and sandstone 
(Facies E) and weakly laminated to structureless siltstone (Facies F).  
 
Facies Association 1.3: Foreset and Backset Bedded Lenticular Sandstone 
 Foreset and backset bedded lenticular sandstones are 3-15 m thick and occur as 
lenticular or wedge-shaped sandstones (ca 100 m wide) interbedding with heterolithic fine-
grained facies along the channel bases. These sandstones display both backset bedding and 
complex bedding composed of foresets and backsets. Foreset (a few to-15°) and backset 
bedding (a few to 25°) are a few m to 10 m thick and 5 to 60 m wide. Individual sandsto e 
beds are dm to 2 m thick, and consist of medium to very coarse grained sandstone, 
occasionally with granule and pebble lenses, and are dominated by normally graded (Facies 
B) to structureless to weakly stratified sandstone (Facies A), and scour-and-fill and convex-
up low-angle laminations (Facies C) (Figs. 3-4E and 3-4F). Planar laminated sandstone 
(Facies D) is rare. The heterolithic fine-grained facies are composed of thinly bedded 
siltstone and sandstone (Facies E), and weakly laminated to structureless siltstone (Facies 
F). 
 
Facies Association 1.4: Tabular to Lenticular Sandstone  
 Tabular to lenticular sandstones are 10-15 m thick, and the least amalgamated of the 
facies association 1. Sandstones are interbedded with tens of cm thick fine-grained facies at 
tens of cm to a few scale (Figs. 3-4G and 3-4H). Sandstones are also less extensive and 
form only 20 to 40 m long lenticular geometries, which are laterally interfingering with 
heterolithic fine-grained facies. Individual sandstones are 1–4 m thick and commonly 
erosionally bound. Beds have sharp and undulating upper and lower b undaries. Bed 
thickness drastically changes, especially in a flow parallel view across only 5–10 m. Both 
backset (5 to 25°) and foreset (5 to 20°) laminations are common and their distribution is 
irregular. Individual sandstone beds are dm to 1.5 m thick, and consist of medium- to very 
coarse-grained sandstones, in places with granule lenses, and are dominated by convex-up 
low-angle laminations, scour-and-fill structures (Facies C), structureless to weakly 
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stratified (Facies A), and planar laminated sandstones (Facies D) (Fig. 3-4H). Heterolithic 
fine-grained facies is only composed of thinly bedded siltstone and sandstone (Facies E). 
Interpretation 
 The stratified and graded sandstones deposited on abyssal water depths are 
interpreted as turbidites. Structureless and weakly stratified (Facies A) and normally graded 
(Facies B) sandstones indicate high depositional rates and rapid suspension fallout (Sumner 
et al., 2008; Talling et al., 2012). The scour-and- fill and convex-up low-angle 
stratifications (Facies C) indicate deposition from Froude supercritical flow (Alexander et 
al., 2001; Spinewine et al., 2009; Cartigny et al., 2014). Planar minations (Facies D) 
commonly form in Froude transcritical flow conditions (e.g., Cheel, 1990), but may also 
indicate high deposition rates, especially where they are gradational and display thick 
laminae (Best and Bridge, 1992; Leclair and Arnott, 2005; Sumner et al., 2008).  
 On a larger scale, the sandstone dominated deposits of facies association 1 display 
abundant scour-and-fill, lenticular bed geometries, backsets, and complex bedforms with 
backsets and foresets. Backsets, as well as low-angle (<30°) foresets, are characteristic 
features of Froude supercritical flow deposition because only supercritical flow bedforms 
can migrate upstream, and subcritical flow bedforms migrate downstream with foresets at 
or near the angle of repose (Alexander et al., 2001; Spinewine et al., 2009; Cartigny et al., 
2014). The abundance of scour-and-fill and erosionally bound lenticular geometries, on 
both facies and larger scale, imply alternating erosion and deposition and related bypass 
(Cartigny et al., 2014; Postma et al., 2014). This, together with the presence of high 
deposition rate facies, suggests transient rapid deposition that alternates with erosion and 
bypass. Such conditions are common as hydraulic jumps develop, where supercritical flow 
transitions into subcritical flow with a high energy loss. The upstream supercritical zone of 
a hydraulic jump may experience erosion, whereas rapid deposition occurs at the hydraulic 
jump, and in the subcritical to transcritical downstream zone of the hydraulic jump. 
Structureless and graded deposits have been shown to accumulate at hydraulic jumps where 
deposition rates can be extremely high due to the large energy loss (Postma et al., 2014). 
 Antidune, chute-and-pool, and cyclic step bedforms form in supercritical flow 
75 
 
conditions (Alexander et al., 2001; Spinewine et al., 2009; Cartigny et al., 2014). Below 
follows a discussion on potential interpretation of the geometries observed in facies 
associations 1.1-1.4. 
The amalgamated scour-and-fill sandstones (FA 1.1) are interpreted as the cyclic 
steps, based on the amalgamated scour-and-fill geometries, and the rare occurrence of 
planar laminations. Steep scour-and-fill geometries form fro  chute-and-pool, as well as 
cyclic step migration, but their amalgamation suggests sysematic migration of hydraulic 
jumps, and is thus more consistent with cyclic steps (Cartigny et al., 2014). Planar 
laminations commonly form at transcritical flow conditions, and are thus more common for 
unstable antidune or chutes-and-pools (Postma et al., 2014). The dominant structureless 
facies (Facies A) that fills the steep scours indicates lternations of extremely high 
deposition rates, and erosive condition at the migration of cyclic steps (Cartigny et al., 
2014).  
The backset bedded sandstones (FA 1.2) indicate consistent upstream migration of 
bedforms, characteristic for cyclic steps or large-scale antidunes (Cartigny et al., 2014). The 
relatively high angle (up to 15°) of the backset bedding further confirms deposition from 
cyclic steps, as the higher fluctuation of the Froude number in case of cyclic steps tends to 
form a steeper angle between the stoss and lee sides, as compared to ntidune migration 
(Cartigny et al., 2011). 
The foreset and backset bedded lenticular sandstones (FA 1.3) are interpreted as 
chutes-and-pools. The occurrence of both foreset and backset bedding indicates unstable 
and non-systematic migration of hydraulic jumps, and thus cte-and-pool or unstable 
antidune deposition (Cartigny et al., 2014). The rare occurrence of planar laminated 
sandstone suggests chute-and-pool rather than unstable antidune deposition, as planar 
laminated zones commonly develop lateral to antidunes (Cartigny et al., 2014).  
The tabular lenticular sandstone (FA 1.4) is interpreted as the unstable antidunes 




3.5.2 Heterolithic Fine-Gained Facies Association (Facies Association 2) 
 Heterolithic fine-grained deposits are a few m to a few tens of m thick, and consist 
of thin beds of siltstone and fine-grained sandstone (Facies E and F) (Table 3-1). This 
facies association may constitute whole channel fills, but also occurs in upper parts of 
channels, and interbedded between the sandstone dominate facies associations (Fig. 3-3). 
The heterolithic deposits are subdivided into two associati ns. 
 
Facies Association 2.1: Heterolithic Fine-Grained Scour-and-Fill Deposits  
 Heterolithic fine-grained scour-and-fill deposits commonly occur where fine-
grained deposits are the main fill of channels (Fig. 3-5). These deposits are dominated by 
the amalgamated scour-and-fill geometries filled with upward fl ttening strata. The scour-
and-fill structures occur as erosionally based, concave-up str ctures on two different scales, 
as 1–2 m deep and a few to 10 m wide (Fig. 3-5A), and a few to 5 m deep and 10–30 m 
wide (Fig. 3-5B), where both display cross-cutting geometry. The main sedimentary facies 
is structureless to weakly laminated siltstone (Facies F) with thinly bedded siltstone (Facies 
E). These siltstone facies are interbedded with fine to coarse-grained sandstone and granule 
conglomerate lenses, or thin beds (Facies B, C, and D) (Figs. 3-5C and 3-5D). These lenses 
are a few cm wide and a few mm thick, and occur along discontinuous undulating surfaces. 
These thin beds are 0.1–0.3 m (up to 2 m) thick and 10–20 m wide and fill small scours, or 





Fig. 3-5. Heterolithic fine-grained scour-and-fill deposits (facies association 2.1) in a flow perpendicular (A) and obliquely flow 
parallel (B) views displaying lenticular geometries and cross cutting scour-and-fill structures. (C) Structureless to weakly l minated 
siltstone facies (facies F). (D) Example of a measured section (see A for location). 
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Facies Association 2.2:  Backset Bedded Heterolithic Fine-Grained Deposits  
 Heterolithic fine-grained lenticular bedded deposits commonly ccur where the 
heterolithic deposits alternate basal sandstones (Fig. 3-6). These deposits consist of long 
wavelength undulating lenticular bedded siltstone and sandstone that alternate, and are 
separated by erosion surfaces. In a flow parallel view, backset bedding (a few to 15°) 
occurs (Fig. 3-6A). Individual beds are a few cm to 40 cm thick (Fig. 3-6), and their 
thickness changes randomly without any trends in the vertical section. Individual bed 
boundaries are erosive and undulating, and, in places, thin beds are terminated in a few to 
10 m, forming lenticular geometry. The dominant grain sizeis silt and very fine to fine sand, 
with occasional medium sand. Facies are dominated by structureless to weakly laminated 
siltstone (Facies F). Sandstones are dominated by scour fill sandstone (Facies C) and planar 
laminated sandstone (Facies D), which are thinly interbedded with siltstone facies with 
erosional contacts.  
 
Interpretation  
 The thin upward fining sandstone to siltstone beds at abyssal water depths have 
been interpreted as turbidites. The erosionally bound cm-scale sandstone lenses (Facies E), 
as well as the grain size gap between sandstone and siltstone in both facies, indicate bypass 
(Barton et al., 2010; Stevenson et al., 2014; Stevenson et al., 2015). The internal low-angle 
convex- and concave-up laminations are similar to those produced by experiments in 
supercritical flow conditions (Alexander et al., 2001; Spinewi  et al., 2009). Structureless 
siltstone (Facies F) suggests fluid mud processes (Talling et al., 2012), local flow collapses 
(Lowe, 1982; Kneller and McCaffrey, 2003), or slumping, which can occur on the upstream 
steep side of the hydraulic jump (Cartigny et al., 2014). The morphologically flaser bedding 
like structures that internally show weakly planar or low-angle laminations, and are 
sandstone lenses bounded by erosion surfaces, were also described by Alpak et al. (2013), 
and interpreted to reflect bypass. These erosional lenses are also similar to supercritical 
flow bedforms formed by flume experiments of Spinewine et al. (2009).  
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 On a larger scale, the scour-and-fill geometries, undulating planar laminations, and 
erosionally bounded lenses indicate active bypass processes (Barton et al., 2010; Stevenson 
et al., 2014; Stevenson et al., 2015). Morphologically, the scour-and-fill structures and the 
backset bedding are similar to such geometries in sandstones (e.g., Cartigny et al., 2014), 
and thus potentially indicative of deposition under Froude supercritical flow conditions. 
Interpretation of these fine-grained deposits as supercritical flow deposits is highly 
ambiguous, as there are no published experimental results to compare. Additional argument 
comes from the experiments that show that the amplitude of Froude number fluctuations 
increases across the hydraulic jumps with increasing Fr90 (Cartigny et al., 2014). Thus, 
these bedforms may potentially indicate even higher amplitude of the Froude number 
fluctuations than the cyclic steps that form sandy or conglomeratic scour-and-fill bedforms, 
especially if fluid mud processes (Talling et al., 2012), local flow collapses (Lowe, 1982; 
Kneller and McCaffrey, 2003), or slumping of the upstream steep side of the hydraulic 
jump (Cartigny et al., 2014) are invoked. An alternative interpretation for these heterolithic 
beds is that even if granules and sands were deposited from supercritical flow, the siltstones 
are deposited from the tails of waning turbidity currents. Hitherto unpublished experimental 
results by the authors do confirm that silt and clay can be deposited at hydraulic jumps. 
Interpretation of facies association 2.2 has the same issu s. However, the presence of 
backsets provides a stronger argument for supercritical flow deposition, and also a 
morphological comparison to the considerably larger, 0.5–3 km long wavelength fine-
grained sediment wave deposits documented from deepwater settings and interpreted as 
cyclic steps (e.g., Migeon et al., 2000; Nakajima and Satoh, 2001; Normark et al., 2002; 
Kostic, 2014). 
3.5.3 Lateral Accretion Sandstone Facies Association (Facies Association 3) 
 This facies association occurs in interbedding with amalgamated scour-and-fill 
structured sandstone (FA 1.1) and is 4-13m thick and 10-100 m wide, an  characteristically 
contains lateral accretion sets in only Cliff C of Region F (Fig. 3-7). Angle of the lateral 
accretion surfaces is 10-20°. The surfaces of the larger lateral accretion are composed of 
multiple discontinuous scour surfaces a few to 20 m long. Data on sedimentary facies is 
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missing, as the outcrop is not accessible. By comparison to FA 1, the amalgamated 
sandstone facies with rare heterolithic fine-grained interbeds suggests the presence of 
structureless to weakly stratified sandstone (Facies A), and scour-and-fill structured 
sandstone (Facies C).  
 
Interpretation  
 Lateral accretion units are interpreted as migration of point bars in sinuous channels 
(Abreu et al., 2003; Gamberi and Marani, 2011; Gamberi et al., 2013), suggesting 
consistent channel flow (e.g., Abreu et al., 2003; Dykstra and Kneller, 2009; Kane et al., 
2009). 
3.5.4 Scour Fill Conglomerate and Sandstone Facies Association (Facies As ociation 4)  
 Scour-and-fill conglomerate and sandstones occur as lenticular amalgamated beds 
(60m to 100m long and 8 to 15 m thick) interbedding with heterolithic fine-grained facies 
in only single channel fill (Fig. 3-8). The lenticular beds are composed of a few meter deep 
and a few to 15 m wide scour-and-fill structures. The trend of sc ur surfaces shows 
undulating bedding locally containing foreset bedding (a few to 15°) and backset bedding 
(a few to 10°). These scours are filled with imbricated cobble conglomerate facies (Facies 
H) (1 to 2 m thick), and displays upward-fining to sandstone facis (Facies B and Facies C). 
A few meter deep loading structures occur on the basal parts of the relatively thick (3 to 5 
m thick) conglomerates. Interbedded heterolithic fine-grained facies is mainly composed of 
thinly bedded siltstone and sandstone (Facies E).  
 
Interpretation  
 Imbricated conglomerate facies indicate bedload dominated depositional processes. 
Normally graded (Facies B) sandstones indicate high depositional rates and rapid 
suspension fallout (Sumner et al., 2008; Talling et al., 2012). The scour-and-fill and 
convex-up low-angle stratifications (Facies C) indicate deposition from Froude 
supercritical flow (Alexander et al., 2001; Spinewine et al., 2009; Cartigny et al., 2014). 
The lenticular amalgamated beds, such as sandstone facies association, display abundant 
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scour-and-fill, lenticular bed geometries, backsets, and complex bedforms with backsets 
and foresets. Backsets, as well as low-angle (<30°) foresets, are characteristic features of 
Froude supercritical flow deposition. The mixed distribution of the foreset and backsets 
bedding without planar laminated sandstones indicates chutes-and-pools.  
 
 
Fig. 3-6. Backset bedded heterolithic fine-grained deposits (facies ssociation 2.2). (A) 
Two heterolithic fine-grained layers exhibiting backset bedding. (B) Undulating and 





Fig. 3-7. Lateral accretion sandstone facies associatin (facies association 3) in a flow perpendicular view. See Figure 3-16 for 
location. 
 
Fig. 3-8. Scour fill conglomerate and sandstone facies association (facies association 4). (A) Characteristic lenticular amalgamated 
beds composed of scour-and-fill conglomerate and sandstone exhibiting complex bedsets containing foresets and backsets. (B) Cobble 





Fig. 3-9. Photomosaics of Cliff C, showing vertically stacked three sandstone dominated channel complexes on the eas sid  of the 
photomosaic, and three mixed fill channels of an avulsive channel complex on the west side of the photomosaic, separatd by a fault. 




Fig. 3-10. Photomosaics of Cliff D, showing an avulsive stacked channel complex. See Figure 3-1D for location. (C) and (D) show 




Fig. 3-11. Photomosaics of Cliff B in an oblique flow perpendicular view, showing an avulsive channel complex. See Figure 3-1D for 
location. ‘ChH’ and ‘ChM’ represent ‘heterolithic fine-grained fill channel’ and ‘mixed sandy to heterolithic fill channel’, respectively. 
The channels are named as B1 to B10, in order with the first letter indicating the name of the location (B – Cliff B).  
 










Fig. 3-14. Photomosaics of part of Cliff C of Fig. 3-9 in a flow perpendicular view, showing three stacked mixed sandy to he erolithic 










Fig. 3-15. Photomosaics showing relationships between channel bounding surfaces and basal sandstone fills. (A) Two stacked mixed 
sandy heterolithic fill channels with lenticular basal ndstones. The lower basal sandstone thickens in channel thalweg. (B) Two 
stacked mixed sandy to heterolithic fill channels. The lower basal sandstone onlaps onto the channel margin. The relatively thinner 
upper basal sandstone forms a lenticular mounded geometry. (C) Multiple lenticular sandstones on the channel base. (D) A lateral 
transition from sandstones to heterolithic fine-grained facies. (E) Two lenticular and tabular sandstones at a channel base. (F) Two 








 Five cliff faces, a few hundred m to a few km wide, were the key dataset for 
documenting the architecture of channel complexes (Fig. 3-1D). The architectural analyses 
show the presence of channels, ca 300-900 m wide and 25-60 m deep, filled with 
heterolithic deposits (FA2), mixed sandy-to-heterolithic deposits (FA1, 2, and 4), or 
sandstones (FA1 and 3) (Figs. 3-9, 3-10, and 3-11). The analyses also reveal two types of 
channel stacking patterns with avulsive channel complexes composed of heterolithic and 
mixed sandy to heterolithic fills (Figs. 3-10 and 3-11), and a vertically stacked sandstone 
filled channel complex (Fig. 3-9). 
 3.6.1 Avulsive Channel Complexes 
 The cliffs B, D (Figs. 3-1D, 10, and 3-11) and region F (Figs. 3-1D and 3-1E) 
display 2-3 km wide channel complexes with cross-cutting relationships, where channels 
are laterally and vertically amalgamated with overlapping channel margins. No levee 
geometries or any large-scale confinements are observed. Cliff B and Region F are 
dominantly composed of mixed sandy and heterolithic filled channels (Figs. 3-1E and 3-11). 
In cliff C, heterolithic channel fills dominate (Fig. 3-10). This channel complex extends 
laterally to at least 3 km in the flow perpendicular direct ons (From Region F to Cliff D; 
Fig. 3-1D). In the same horizon, the other avulsive channel complexes (Cliff E) also occur, 
although the complex is relatively heterolithic fine-grained facies dominant (Fig. 3-1D). 
 
Heterolithic Channel Fills 
 Channels with heterolithic fills are 360–500 m wide and 25–35 m deep (Fig. 3-12). 
Their bounding erosion surfaces are recognized by the cross- utting relationship with 
underlying and adjacent strata, and by onlapping terminations of channel fills against the 
channel margins (Fig. 3-10). The channels mainly contain heterolithic fine-grained scour-
and-fill deposits (FA 2.2). In places, in the basal part, backset bedded heterolithic deposits 




Mixed Sandy to Heterolithic Channel Fills 
 Mixed sandy to heterolithic fill channels are 380– 60 m wide and 25– 60 m deep 
(Fig. 3-12). Basal erosion surfaces are recognized by the cross- utting relationship with 
underlying and adjacent strata, and by onlapping terminations of channel fills against the 
channel margins. In this channel type, the bounding surfaces are also marked by basal 
sandstones 10–25 m thick, which are cut a few tens of m into the underlying strata (e.g., 
Upper channel of Fig. 3-13). The channel fills contain basal sandstones 10–25 m thick, 
overlain by heterolithic deposits. The basal sandstones contain FA 1.1 to FA 1.4, with FA 4. 
The basal sandstones form in places relatively continuous and amalgamated sand-bodies 
along the channel bases with a hundred to a few hundred m long wave length (Figs. 3-11, 
3-13, and 3-14). In other places, they are highly discontinuous and internally complex (Fig 
3-15).  
Amalgamated scour-and-fill sandstones (FA 1.1: cyclic steps) form the relatively 
continuous sand-bodies, and have almost the same thickness across of 300-600 m, where 
the channel bases are relatively flat (e.g., ChM_C11 and ChM_C9 in Fig. 3-14). Where the 
channel bases are more irregular, the sandstones become thicker in the deeper parts. Onlap 
terminations occur at the channel margins (Fig. 3-15B).  
Lenticular and tabular sandstones (FA 1.4: unstable antidunes) are the least 
amalgamated sandstones, and tend to be discontinuous along the channel bases. They form 
as 40-150 m wide mounded shapes in flow perpendicular view (Upper channel in Fig. 3-13; 
ChM_C7 in Fig. 3-14). These mounded sandstones laterally interfing r with heterolithic 
deposits (Fig. 3-15D). These sandstones may also occur as hndred to a few hundred m 
wide thickening and thinning mounds in a flow parallel view (Fig. 3-13). These upstream-
downstream terminations of lenticular sandstones into the heterolithic fine-grained deposits 
show more erosional and sharp lithological contacts (Figs. 3-15E and 3-15F), whereas their 
lateral contacts are more gradual (Fig. 3-15D).  
Backset and foreset bedded sandstones (FA 1.3: chutes-and-pools), back et bedded 
sandstones (FA 1.2; cyclic steps), and scour fill conglomerate and sandstone (FA 4: chutes-
and-pools) also form multiple lenticular sandstone bodies along the channel bases. The 
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foreset and backset bedded sandstones occur as 60–100 m wide lenses in both flow parallel 
and perpendicular view (Figs. 3-4C, 3-4E, and 3-15C).  
 
Interpretation 
 Laterally extensive (up to 2-3 km) randomly stacked, cross-cutting channel 
relationships are interpreted as avulsive channel behavior. Lack of lateral accretion and the 
upward flattening channel fills indicate aggradation. Aggradation and frequent avulsions 
are commonly driven by high deposition rates. Supercritical flow sedimentary structures 
and the lenticular and scour-and-fill geometries indicate tr nsient bypass and erosion. Such 
bypass and erosion surfaces range from cm to 100s of meter scal . Collectively, these 
features imply channel systems that experienced locally high deposition rates with transient 
erosion and sediment bypass. Supercritical flow is an unstable flow compared to subcritical 
flow (e.g., Sequeiros, 2012), and recent experiments demonstrate that hydraulic jump 
processes increase avulsion rates (Hoyal and Sheets, 2009). 
 Bypass and erosion indicators are present both in the sandy and heterolithic channel 
fills, and indicate active channel filling (cut and fill) process . This contrast channel fill 
models where fine-grained facies are assigned to channel abandonment, or backfilling (e.g., 
Mutti and Piper, 1991; McHargue et al., 2011; Labourdette, 2007). Modern systems 
provide examples of channels where fine-grained supercritical flow bedforms migrate 
updip in overall bypass conditions (e.g., Normandeau et al., 2014). 
 Lack of large-scale erosion surfaces (larger than the individual channels) suggests 
an unconfined setting for the avulsive channel complexes. Lack of levees and lateral 
accretion sets suggest low sinuosity of channels (e.g., Gamberi et al., 2013). Modern 
systems provide examples of low-sinuosity channels in unconfined slope settings, including 
the slope fans (e.g., Gamberi and Rovere, 2011). Avulsive stacking pattern has also been 
commonly documented in ancient examples interpreted as wekly confined, or unconfined 




Fig. 3-16. A vertically stacked channel complex. The topographic map shows the locations where the photos were taken from. (A) 
Lateral termination of the sandstone channel complex. (B) Three vertically stacked channels in a flow perpendicular view.   
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3.6.2 Vertically Stacked Channel Complex 
There is a unique 100 m thick vertically stacked sandstone in reg on F of Unit 3 (Figs. 3-1E 
and 3-2). This sandstone consists of three vertically stacked sandstone dominated channels, 
with only a few to 10 m thick heterolithic fine-grained intervals (Figs. 3-9 and 3-16). The 
key differences between these channels and the above described avulsive channel 
complexes are their sandstone dominated fills, vertical stacking pattern, and presence of 
lateral accretion sets. The sand grain size of the vertically stacked channel complexes is 
slightly larger than in the avulsive complex.  
The three channels thin laterally (Fig. 3-16A). The bounding erosion surfaces are 
recognized as continuous erosional surfaces underlain by heterolithic fine-grained intervals, 
bounding the different facies associations. A fault removes part of the channel exposures 
(Figs. 3-9, 3-16, and 3-17). Evaluated from the preserved half exposure, the channels are at 
least 650 m wide and 25-35 m deep (Fig. 3-12).  
The lower (ChS_C1) of the three channels, 30 m thick, mainly consists of scour-
and-fill amalgamated sandstones (FA 1.1). In the lower part of this channel, individual 
sandstones show wedge shaped geometry and some of the beds show 5 –7 m thick 
coarsening-up cycles. The wedge-shaped sandstones onlap onto erosional channel margins, 
and fill the deepest part of the channel (Fig. 3-16B). These sandstones are overlain by a 10 
m thick, highly amalgamated sandstone (FA 1.1) (Fig. 3-16B). The upper part of the 
channel is dominated by scour-and-fill structures a few m deep (FA 1.1), and capped by 4 
m thick heterolithic fine-grained deposits (FA 2) (Fig. 3-16B). 
The middle channel (ChS_C2), 35 m thick, consists of scour-and-fill amalgamated 
sandstones 10 m thick (FA 1.1) in the lower part, and multiple stacked lateral accretion sets 
a few to 10 m thick (FA 3) in the middle and upper parts (Figs. 3-7 and 3-16B). One lateral 
accretion set can be observed to transition into a scour-and-fill sandstone laterally (Fig. 3-
16B). The channel is capped by a few m thick fine-grained deposit (FA 2).  
The upper channel (ChS_C3), 25 m thick, is composed of scour-and-fill structured 
amalgamated sandstone (FA 1.1) with scours ca 5 m deep and 15 m wide. The top of this 





 The sedimentary facies and facies associations of these channel fills are similar to 
those in the avulsive channel complexes, except for the occurrence of lateral accretion sets 
(FA 3). Yet, this channel complex is distinct, in that there are vertically stacked 100 m thick 
channel sandstones.  
Lateral accretion sets indicate lateral bar migration, but their small set thickness 
implies smaller-scale in-channel bar migration, rather than lateral migration of the whole 
channels (see also Gamberi et al., 2013). Presence of bars suggests more sustainably stable 
flow conditions at times (e.g., Abreu et al., 2003; Dykstra and Kneller, 2009). Other parts 
of the channels fills indicate flow conditions similar to th se in the amalgamated sandstone 
parts of the avulsive channel complexes and deposition from supercritical flow. Lack of 
avulsions, together with the presence of bar accretion sets, uggest lower deposition rates as 
compared to the avulsive channel complexes. The wedge shaped geometry in the lower 
channel (ChS_C1) suggests a larger proportion of channel-base erosion.  
Collectively, the vertically stacked channel complex suggests a more stable channel, 
such as a channel that feeds or drains an avulsive channel comp ex. Vertical stacking has 
been documented in feeder channel complexes of slope systems (e.g., Hubbard et al., 2008: 
Jobe et al., 2010). In some slope settings, incisional large-scale confinement has been 
documented that tends to force the channels to stack vertically (Clark and Pickering, 1996; 
Macauley and Hubbard, 2013). No such large-scale confinement has been documented in 





Fig. 3-17. Correlation panel in Unit 3, 250 m thick and 2 km wide, showing a vertically 
stacked channel complex and an avulsive channel complex. Th  multiple continuous 
sandstones of the avulsive channel complex are recognized i  Region F (See Figure 3-1D 
for location). Seven stratigraphic sections were measured in small valleys. The correlation 
was made tracing the individual sandstones in outcrops and utilizing the Google Earth (Fig. 
3-1E). Geometries are drawn based on field observations and tr ced from cliff 
photomosaics (Figs. 3-10 and 3-11). The blue dotted line indicates the location of Cliff C 
(Fig. 3-9). The white dotted enclosed areas indicate the locations of Figures 3-4 and 3-8.   
 
3.7 Depositional Environment  
The avulsive channel complexes and the vertically stacked hannel complex suggest a 
depositional environment with a stable channel that feeds into an area of highly avulsive 
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channels that build a laterally extensive depositional body that consists of channels, such as 
a fan. The Juncal Formation in the Frazier Park area has been interpreted as a slope fan 
(Dykstra et al., 2011; Turner and Dykstra, 2011; Duvernay, 2012; Turner, 2015; Fig 3-18). 
There are other examples of slope fans where both types of channel complexes occur, 
documented on middle slopes (Gamberi and Rovere, 2011; Barton, 2012). Such channel 
complexes have, however, also been documented in proximal basin floor fan systems in the 
lower slope (Beaubouef et al., 1999; Gardner and Borer, 2000). In both these systems, a 
more stable feeder channel complex transitions downdip into a  unconfined area with 
avulsive or distributive channel complexes with a larger lateral extent.  
 The interpreted relatively straight channel geometry, coarse grain size (especially 
the occurrence of cobble-sized conglomerate) (FA 4), grain size variation, bypass and 
erosion features, and the supercritical flow facies and geometries all suggest a relatively 
steep slope gradient, and are thus more consistent with amiddle slope or intra-slope fan 
environment. The large proportion of heterolithic fine grained facies is also more consistent 
with a middle slope, rather than a proximal basin floor fan, setting (Spychala et al., 2015), 
and agrees with the paleobathymetry from benthic foraminifera data (Turner, 2015). In 
active margin settings, the interpreted 500-2000 m water depth commonly occurs in middle 
slope areas. 
For comparison, examples of proximal parts of basin floor fans from the Brushy 
Canyon (Beaubouef et al., 1999; Gardner and Borer, 2000) and the Karoo Basin (Brunt et 
al., 2013) show channels filled with amalgamated sandstones with fe er bypass indicators 
within the avulsive channel complexes.  
Based on the above, the here documented channel complexes ar  interpreted as a 
slope fan (intra-slope fan) system on the middle slope. Fe der channels occur in intra-slope 
fans both updip and the downdip of the fan complex (see Gamberi and Rovere, 2011). The 
sand grain size of the vertically stacked channel complexes is slightly larger than in the 
avulsive complex, and thus an updip position in relation to the avulsive complexes seems 
more likely.  
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 A major control on the transition from a stable (feeder) channel to a laterally 
unstable avulsion complex is slope gradient (Pirmez et al., 2000). Steeper slopes promote 
turbidity current acceleration or maintenance, whereas flow transition to a lower gradient 
promotes deceleration and deposition. High deposition ratesdrive channel bed aggradation, 
and result in avulsions (Bryant et al., 1995; Mohrig et al., 2000; Makaske, 2001; Berendsen 
and Stouthamer, 2001; Jerolmack and Mohrig, 2007). Examples from modern sea floor and 
seismic datasets also show that gradient changes control the distribution of feeder channel 
and depositional areas with avulsive pattern (Gamberi and Rovere, 2011; Barton, 2012). 
Flume experiments further confirm that slope gradient decreases create aggradational 
conditions on the slope, and enhance avulsions (Fernandez et al., 2014).  
Forearc basins are controlled by active tectonic processes that characteristically 
result in an irregular slope morphology (Pratson and Haxby, 1996; Kopp et al., 2008; 
Micallef et al., 2014), and are thus prone for formation of i tra-slope fans (Shanmugam and 
Moiola, 1988).  
 
Fig. 3-18. Depositional model for a slope fan. Potentially multiple slope fan complexes 




3.8 Channel Fill Processes 
 The here documented channels are different from upward fining channel fills 
typically interpreted as generated by backfilling and abandonment fill process (e.g., Clark 
and Pickering, 1996; McHargue et al., 2011; Alpak et al., 2013). The upward fining in such 
channels is assigned to hemipelagic drapes or low-density turbidi es (e.g., McHargue et al., 
2011), and interpreted as decreasing flow energy though time (Pyl s et al., 2010). Such an 
energy decrease can be a result of a channel avulsion or backfilling due to base-level rise 
(Mutti and Normark, 1991).  
In contrast, the here documented channel fills display bypass features throughout 
the channel fills, including in the heterolithic fine-grained facies. Therefore, a different 
channel fill process is here proposed for such channels.  
The deepest thalwegs of the here documented channels tend to have sandstone fills 
(Fig 3-15). Therefore, sand deposition in these channels may be related to channel base 
irregularity, and especially the deeper scours at the channel base. Submarine channels in the 
modern environment also show longitudinally complex thalwegs of the channel, forming 
discontinuous distribution of the sandstone bars in the channel (Gamberi et al., 2013). 
Moreover, there is a variability of supercritical flow geometries with a hundred to a few 
hundred m long wave length that range from antidunes to chutes and pools, and to cyclic 
steps. Experimental results show that these bedforms are rel ted to different Fr90 and 
Froude number range conditions (Cartigny et al., 2014). Froude number fluctuations are 
controlled by flow velocity, but also local gradient changes, and thus supercritical flow 
bedforms are affected by bed topography. Cyclic steps occur as regular and larger hydraulic 
jumps, and can be enhanced by the confined and scoured topography, whereas unstable 
antidunes are formed by irregular and smaller hydraulic jumps (smaller Froude number 
range), which require less irregularity and confinement (e.g., Cartigny et al., 2012) (Fig. 3-
19).  
Transition from sandstones into the heterolithic parts of he channels is a repeated 
pattern, except for the channels that lack the sandy basal deposits. This single-channel scale 
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upward fining is thus more likely to be related to repetitive autogenic processes, such as a 
change in the degree of sediment bypass, or avulsions. In case of avulsion, the heterolithic 
deposits could be deposited after the main flow switched to a new channel and deposition is 
limited to stripped flow. Stripped flow becomes thin and can potentially become 
supercritical (Fildani et al., 2006). Alternatively, filling the larger thalweg irregularities 
may affect deposition and bypass conditions, and control the transition from sandy to 
heterolithic deposits (Fig. 3-19). The difference between th sandstone to heterolithic and 
heterolithic only channel fills may then be a lateral relationship, where the outcrops with 
basal sandstones happen to expose deeper thalweg irregularities (Fig. 3-19).  
3.9 Conclusion  
 The middle Eocene forearc deepwater slope succession of the Juncal Formation, 
Frazier Park, were studied by both large-scale photomosaics analysis and facies analysis 
from detailed measured sections to establish their sedimentological characters and 
stratigraphic architectures.   
Two types of the channel complexes are recognized in the Juncal Formation. The 
avulsive channel complex (2 to 3 km wide and 100 to 150 m thick) are composed of 
heterolithic channels (360–500 m wide and 25–35 m deep) and mixed sandy to heterolithic 
channels (380–860 m wide and 25– 60 m deep) exposed in the several horizons (Units 2 
and 3). The vertical stacked channel complex (more than 650 m wide and100 m thick) is 
composed of the sandstone channels (more than 650 m wide and 25–35 m deep), and 
exposed in only one location (Unit 3). Their stratigraphical relationship in the one location 
(Region F of Unit 3) indicates the avulsive channel complexes are interpreted as a slope fan 
(intra-slope fan) system on the middle slope. The vertical stacked channel is interpreted as a 
feeder channel occurring in intra-slope fans both updip and the owndip of the fan complex. 
The channels composing these complexes are mainly filled by the Froude 
supercritical flow deposits, which suggest unstable antidune to cyclic step bedforms. 
Commonly, they have upward fining succession from sandstone to heterolithic fine-grained 
deposits. These upward fining repeated patterns are considered to b  related to repetitive 




Fig. 3-19. A flow parallel cross section presenting active channel fill model. Field observations indicate multiple types of bedforms, 
such as antidunes, chutes-and-pools, and cyclic steps. The figure presents three time slices of active channel filling as partially 
controlled by the initial channel topography. Time 1: The channel is filled by the sandy and conglomeratic supercritical flow deposits 
composed of unstable antidune to cyclic step bedforms. Time 2: Bypass or avulsion cause the heterolithic fine-grained deposits.
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CHAPTER 4  
OUTCROP CHARACTERISTICS OF PROGRADING SLOPE 




 This paper documents an outcrop example of slope channel comp exes from the La 
Jolla Group of the southern Californian Eocene forearc bsin. This dataset demonstrates 
that the three slope channel complexes consist of channels 50-840 m wide and 5-100 m 
deep that display a relatively low aspect ratio, exhibiting a  amalgamated and avulsive 
stacking pattern. Individual channels have a variety of heterolithic to sandstone and 
conglomerate fills, and all channel fills are dominated by Froude supercritical flow deposits. 
The transition of three channel complexes is considered to be related to the continental 
slope progradation on the upper slope. The potential progradational channel complexes 
demonstrate that highly channelized upper slope environment and the considerably lower 
slope progradation rate may be distinct characters of the active margins.  
4.2 Introduction 
 Slope channels are the main conduits for sediment transport from the shelf to 
deepwater environments on continental margins. Most shelf-margin datasets describe slope 
progradation as sheet-like bed accretion along the continental slope with a few slope 
channels (refs Plink-Björklund et al., 2001; Houseknecht et al., 2009; Laugier and Plink-
Björklund, 2016). Recent seismic studies show that slope channel complexes can also be 
the main building blocks of slope progradation (Bertoni and Cartwright, 2005; Amblas et 
al., 2012; Gong et al., 2013). A confined channel complex (e.g., submarine canyon) can 
progradate and survive for a relatively long term (a few million years) (Amblas et al., 2012). 
These seismic studies of the submarine canyon complexes hav  provided great insightful 
images of the slope progradation composed of slope channel comp exes, the large-scale 
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stacking pattern of slope channel complexes on the continental slope, and the small-scale 
stacking pattern of the channels in an individual confined con uit (e.g., submarine canyon). 
However, the detail sedimentary facies and slope channel complexes have not been well 
studied. Sedimentary processes controlling the stacking pattern also remain uncertain.  
Multiple slope channel complexes are widely exposed in the Californian middle 
Eocene forearc basin (Atwater, 1970; Kennedy and Moore, 1971; May et al., 1984) as 
Torrey Sandstone, Ardath Shale, and Scripps Formation in beach cliffs, north of La Jolla, 
California (e.g., Lohmar et al., 1979; May and Warme, 2000). This continuous seismic-
scale outcrop provides a great opportunity to observe detailed sedimentary facies, stacking 
patterns of the slope channels, and the slope progradation on a large-scale. This paper aims 
to document the spatial and temporal distribution of sedimentary facies and stacking pattern 
of channels, and compare to seismic and modern analogues to answer the following 
questions: 
(1) How did depositional environments transition during contine tal slope progradation? 
(2) How do channel fills vary in different channel complexes?  
(3) Are bypass indicators and Froude supercritical flow deposits abundant in channel fills?   
4.3 Geological Setting 
 This paper focuses on the middle Eocene Torrey Sandstone, Ardath Shale, and 
Scripps Formation that belong to the La Jolla Group, in beach cliff outcrops north of La 
Jolla, southern California (e.g., Lohmar et al., 1979; May and Warme, 2000) (Fig. 4-1). The 
La Jolla Group has been interpreted as a transgressive-regr ssive succession that also 
includes alluvial deposits of the Mount Soledad Formation, lagoonal deposit of the Delmar 
Formation, and tidal deposit of the lower Torrey Sandstone (Kennedy and Moore, 1971) 
(Fig. 4-2). The slope deposits of the upper Torrey Sandstone, Ardath Shale, and Scripps 





Fig. 4-1. (A) Geological Map of the study area near La Jolla, southern California (Original map from Jennings et al., 2010). 
The red line indicates the location of stratigraphic cross section shown in Figure 4-2. (B) Location of study area in southern 
California. (C) Mid-Cenozoic paleogeographic reconstruction of southern California, showing the reconstructed position of 




 (Lohmar et al., 1979; May, 1985), and are conformably overlain by lagoonal deposits of 
the Friars Formation and fan delta conglomerates of the S adium Formation of the Poway 
Group (Kennedy and Moore, 1971; Kennedy, 1975) (Fig. 4-2). Age of the studied 
succession has been established by biostratigraphy, and shows that the Torrey Sandstone, 
Ardath Shale, and Scripps Formation are of middle Eocene age (Kennedy and Moore, 
1971). Middle Eocene isochrones were identified within the Ardath Shale with ages of 46-
47 Ma and ca 45 Ma (May, 1982), which suggest a depositional age of ca 48-44 Ma (May 




Fig. 4-2. (A) Stratigraphic cross section (modified from May and Warme 2000, after 
Kennedy and Moore, 1971). Dotted lined rectangle shows the specific r gion of this study. 
See Figure 4-1 for location. (B) Block diagram in the San Diego region (Lohmar et al, 






Fig. 4-3. A simplified sketch (A) and a photomosaic (B) of the beach cliff showing the three main channel complexes and 
their bounding surfaces. See Figure 4-1 for location.
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This succession has been interpreted as a canyon fill (Lohmar et al., 1979; May, 
1985; May et al., 1991) that contains two sequences, with the Torr y Sandstone and Ardath 
Shale in the lower, and the Scripps Formation in the upper sequence (May et al., 1983). 
Although belonging to different formations, the deepwater facies of the (upper) Torrey 
Sandstone and the overlaying heterolithic Ardath Shale havbeen interpreted as genetically 
related, and forming a continuous deepwater slope succession (Lohmar, 1978; Lohmar et 
al., 1979; May, 1982) (Fig. 4-3A). Paleobathymetry data from the foraminifera of the 
Ardath Formation indicates mid bathyal greater than 500 m water depth (May, 1982). 
Stratigraphy and facies of the succession have been described by previous work 
(Kennedy and Moore, 1971; Kennedy, 1975; Lohmar et al., 1979, 1991; May et al., 1983, 
1984, 1991; May, 1985; May and Warme, 2000). The nature of the channel fills has been 
discussed in May and Warme (2000), and Stright et al. (2014).  
The Torrey-Ardath-Scripps succession was deposited along a forearc basin 
continental margin with a narrow shelf and steep slope (Lohmar et al., 1979). An area 
equivalent to the entire Pacific basin (the Farallon oceanic plate) was subducted beneath 
western North America from Jurassic to Paleogene, resulting in a continental-margin, arc-
trench system (e.g., Atwater, 1970, 1989; Hamilton, 1978). Sediment was eroded from the 
volcanic arc and deposited in a forearc basin, as the Jurassic to Paleogene deposits of the 
Great Valley Sequence (Atwater, 1970, 1989; Crouch and Suppe, 1993; Atwater, 1998) 
(Fig. 4-1C). 
4.4 Dataset and Methods 
 The Torrey-Ardath-Scripps slope complex was studied along a beach cliff outcrop 
that extends between Torrey Pines State Reserve to the Scripps Institution of Oceanography 
(Fig. 4-1). The outcrop is 5.4 km wide and 100 m tall, and exposes the succession in an 
oblique strike view (Figs. 4-3, 4-4, and 4-5). 
The study utilizes detailed measured stratigraphic sections and photomosaics. 
Continuous large-scale photomosaics (Fig. 4-4A), taken from helicopter, were used to 
identify and trace large-scale architectural boundaries, bed geometry, and stacking pattern. 
Stratigraphic sections, measured on cm scale, were used to identify tailed lithofacies. For 
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identifying sedimentary facies, grain size, sedimentary structures, bounding surfaces, bed 
thicknesses and geometries, and biogenetic features were documented. GPS mapping was 
used to get high-accuracy location data. Laser range finder (model TruPulse 360 / B) was 
used on the non-accessible cliffs to get measurements of bed thicknesses and channel 
dimensions. Paleocurrent data were collected from imbricated clasts in conglomerates and 
ripple laminations in siltstones and fine-grained sandstones (Fig. 4-4).  
To connect multiscale observations from a bed scale of measuring section to a large-
scale architecture of photomosaics, a hierarchical approach w s taken, following Sprague et 
al. (2002, 2005) (Figs. 4-5 and 4-6). The smallest order are the sedimentary facies, 
identified as beds or genetically related bedsets (sensu Campbell, 1967) with thicknesses of 
a few cm to a few m (Table 4-1). Next order are the facies associations, identified as the 
storey order of Friend et al. (1979). Each facies associati n is composed of multiple 
sedimentary facies, and forms a meter to a few tens of meters thick sandy or heterolithic 
components of individual channel fills (Fig. 4-6; Table 4-2). Next order are individual 
channel fills that consist of genetically related succession  of facies associations and have 
lenticular shapes, are hundreds of meters wide and tens to a hundred meters deep, and 
contain multiple scour-and-fill structures. The largest order are channel complexes, 
separated by major erosion surfaces (Fig. 4-6).  
Single channels of this study are similar in scale to the large-scale channels, and the 
sub-channel elements, or scour-and-fill features, to the small- cale channels of May and 
Warme (2000). Some individual channels (channel elements), as identified in this study, 
based on a successive upward fining from e.g., conglomerate to sandstone facies, are 















Fig. 4-5. (A) Map view of the beach cliff. Small arrows indicate that the paleocurrent from the imbrication of the cobble conglomerate 
in each location. See the location in Figure 4-1 (A). The big arrow indicates the mean paleocurrent direction (240°).  Compressed 
interpreted line drawing (B) with only bedding and lithology and comprehensive interpreted line drawing (C) with the scour-and-fill 
structure, the channel boundary, and the complex boundary of the beach cliff.  
Seaward 
Landward 




Fig. 4-6. Hierarchical architectural scheme describing the relationship from sedimentary 
facies-order to complex-order. 
 
4.5 Large-Scale Architecture 
 Following the previous studies (Kennedy and Moore, 1971; Lohmar et al, 1979; 
May, 1982; May and Warme, 2000), the beach cliff exposure is hre stratigraphically 
divided into two complexes, the Torrey-Ardath and the Scripps complexes, based on major 
lithological changes and major erosion surfaces (Figs. 4-3, 4-4, and 4-5). Based on our 
architectural analyses, we subdivided the Scripps complex further into a lower and upper 
complex, as we identify another major erosion surface and a lithological change within the 
Scripps Formation (Figs. 4-3, 4-4, and 4-5). These three major erosion surfaces are 
recognized based on the scale (depth and width) of the unconformity and a major 
lithological change. The boundary between lower and upper Scripps omplexes has a few 
113 
 
to 15 m thick cobble conglomerate at the erosion surface. In contrast, the erosion surfaces 
within these three complexes are less extensive, and separat  deposits with similar lithology 
and channel types. 
The sandy to heterolithic Torrey-Ardath complex is volumetrically dominated by 
heterolithic facies, and consists of channels 470-600 m wide an  55-95 m deep. The 
channels in turn contain erosionally bound scour-and-fill structures (sub-channel element) a 
few-45 m wide and 10-30 m deep. This complex has a basal soft clast conglomerate, up to 
10 m thick. The lower Scripps complex is dominated by sandstones and hard-clast 
conglomerates that occur in channels 140-350 m wide and 15-55 m deep. The upper 
Scripps complex is composed of two upward fining succession based by a hard-clast 
conglomerate, a few to 10 m thick overlain by sandstones and heterolithic deposits (Fig. 4-
5). Upper Scripps complex channels are 50-200 m wide and 5-40 m deep. 
Paleocurrent measurements from the Torrey-Ardath complex and from the Scripps 
complexes indicate a mean direction towards 236° and 240°, respectively (Fig. 4-4). The 
biozone isochrones (May, 1982; May et al., 1991), and the boundaries between three main 
channel complexes, exhibit an obliquely southward younging stacking pattern (Fig. 4-3A). 
Together with the paleocurrent measurements, these indicate a south-southwestward 
progradation of the slope succession (Fig. 4- 3B), which is also in agreement with regional 
studies (Kennedy et al., 1975; Lohmar et al., 1991) (Fig. 4-2). 
4.6 Facies Associations 
 Five facies associations, composed of sedimentary facies described in Table 4-1, are 
recognized based on lighology, sedimentary structures, and bed geometries (Table 4-2). 
These facies associations are a few to a few tens of meters thick successions composed of 
characteristic sedimentary facies groups.   
Facies Association 1: Scour-and-Fill Conglomerates  
 Scour-and-fill conglomerates occur throughout the lower Scripps complex as basal 
channel fills, and in the lower part of the upper Scripps complex (Figs. 4-4 and 4-5). This 
facies association is mainly composed of hard-clast conglomerate (Facies A), which has  
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lenticular shape and erosional boundaries. The lenses are 1-8 m thick and a few to 60 m 
wide, and occur as amalgamated (Fig. 4-7A) or isolated lenses (Figs. 4-7B and 4-7C). 
Isolated lenses contain a relatively higher proportion of mud clasts (Facies B). Figure 4-7C 
shows a steep and highly irregular scour margin, and the heterog neous distribution of the 
mud clasts. The lenses are encased in, or overlain by, mud clast conglomerate (Facies B), or 
structureless sandstone (Facies C) of Facies Association 2 (FA 2). Backset bedding is 
common in a flow parallel view (Figs. 4-7A and 4-7B). Backset beds are 2–6 m thick and 
have an accretion angle of 10–20°. Basal scour surfaces are commonly asymmetric, with a 




 Backset bedding indicates upstream migration of the conglomeratic bedforms, 
characteristic for deposition from Froude supercritical flow (Cartigny et al., 2014; Postma 
et al., 2014). Backsets commonly form due to upstream migration of hydraulic jumps, 
where supercritical flow transfers into subcritical flow with a large energy loss. The 
upstream supercritical lee side of a hydraulic jump is comm nly erosional, and deposition 
occurs at the hydraulic jump and on downstream stoss side, producing backsets bounded by 
scours.  The erosional lees side forms steep erosion surfaces, whereas the depositional stoss 
side is characteristically more gentle, resulting in asymmetric scours (Van den Berg et al., 
2002; Cartigny et al., 2011; Symons et al., 2016). Based on comparison to experimentally 
produced deposits, consistently backset bedded deposits are formed by cyclic steps 
(Cartigny et al., 2014). Cyclic steps also more commonly produce steeper backsets (up to 
20°), as compared to other systematically migrating supercritical flow bedforms, such as 
antidunes (e.g., Taki and Parker, 2005; Cartigny et al., 2014).  
 The high energy loss at the hydraulic jump may generate highly aggradational 
conditions, and rapid sediment fallout may then produce disorganized conglomerates (Fig. 
4-7C) (Cartigny et al., 2014; Postma et al., 2014). Clast imbrication indicates bedload 
deposition (Walker, 1975). Irregular erosion surfaces and the associated mud clast 
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conglomerates imply frequent erosion associated with or preceding the conglomeratic flow 
(Kane et al., 2009).  
 
 
Fig. 4-7. Scour-and-fill conglomerates (Facies Association 1). (A) Backset bedding in the 
conglomerate (Facies A) beds at the base of a channel in the lower Scripps complex. The 
zoomed view in the lower right corner shows the imbrication, indicating flow direction 
from the left to right. (B) Backset bedded conglomerate in asymmetric scour with a steep 
upstream and gentle downstream margin. See location in Figure 4-14A. (C) Scour-and-fill 
conglomerate with irregular basal erosion surface. Se location in Figure 4-14B. 
 
Facies Association 2: Scour-and-Fill Sandstones with Mud-Clast Conglomerates  
 Scour-and-fill sandstones with mud clast conglomerates occur in all three channel 
complexes (Fig. 4-5). This facies association consists of scour-and-fill structures, a few-20 
m thick and 10-150 m wide, filled with weakly stratified sandstone (Facies C) and planar 
laminated sandstone (Facies D). It also commonly has basal mud clast conglomerates 
(Facies B) (Figs. 4-8B-E), and in places basal hard-clast onglomerate (Facies A) (Fig. 4-
8D). The mud clast conglomerates occur as basal lenses, a few –20 m wide and a few –7 m 
thick. In places, they show gradual upward fining into weakly stratified sandstones (Facies 
116 
 
C) (Figs. 4-8B and E) a few to 5 m thick. The backset bedding of Figure 4-8C shows it 
fines upward from hard-clast and mud clast conglomerate, to weakly stratified sandstone 
(Facies C) and planar stratified sandstones (Facies D). The mud-clast conglomerates 
(Facies B) consist of extremely poorly sorted rounded to angul r clasts up to 1 m in 
diameter that exhibit a disorganized fabric (Fig. 4-8B).  
Sandstone dominated parts of this facies association form 5 - 20 m thick successions that 
commonly transition upward from weakly stratified (Facies C) to more distinctly stratified 
sandstone (Facies D) (Figs. 4-8A, C, D, and 4-9A). The sand tone dominated parts consist 
of scour-and-fill structures, where steep erosional scour are filled with upward flattening 
lamina in a flow perpendicular view (Fig. 4-9A), whereas backsets are visible in a flow 
parallel view (Figs. 4-8B, C, and E).  
 
Interpretation 
 The abundant scours and rip-up mud clasts imply transient erosive conditions. The 
disorganized mud-clast conglomerates and weakly stratified sandstones indicate high 
deposition rates due to rapid suspension fallout (Sumner et al., 2008; Talling et al., 2012). 
Backset bedding indicates upstream bedform migration and Froude supercritical flow 
(Cartigny et al., 2014). Steep scours filled with upward flattening lamina are characteristic 
deposits of Froude supercritical flow (Alexander et al., 2001; Cartigny et al., 2014). 
Experimental work shows that scour-and-fill structures commonly f rm from chute-and-
pool deposition (Alexander et al., 2001). Chutes and pools are rel t d to unstable hydraulic 
jumps that may remain stationary or migrate up- or downstream (Alexander et al., 2001; 
Muto et al., 2012). When stationary, the transition from supercritical to subcritical flow 
causes aggradation within the erosional scours, resulting in upward flattening lamina 
(Alexander et al., 2001). Planar stratified sandstone can form from transcritical flow and 
commonly form lateral to antidunes (Alexander et al., 2001; Cartigny et al., 2014), or 
downstream of hydraulic jumps, where subcritical flow accelerates into transcritical 












Fig. 4-8. Scour-and-fill sandstones with mud-clast conglomerates (Facies Association 2 ). (A) Scour-and-fill mud clast conglomerates 
at the base of a channel, Torrey-Ardath complex. See location in Figure 4-5. (B) Upward fining succession from mud clast 
conglomerate to planar laminated sandstone of FA 2. (C) Backset bedding in a flow parallel view in the lower Scripps complex. See 
location in Figure 4-14A. (D) Scour-and-fill structures of FA2 show upward fining from hard-clast cobble conglomerate to mud clast-
conglomerate, and to weakly stratified sandstone with rare mud clasts. See location in Figure 4-14B. (E) Backset bedded scour-and-fill 








Fig. 4-9. Scour-and-fill sandstone (Facies Association 2). (A) Photo and (B) measured 
section of a channel with amalgamated scour-and-fill sand tone fill, Torrey-Ardath 
complex. See location in Figure 4-5. 
 
 
A characteristic feature of this facies association is upward fining from 
conglomerates into sandstones, and an upward improved clarity of stratification from 
disorganized conglomerates to weakly and then more distinctly stratified sandstones (Figs. 
4-8C and 4-8D). Upward fining trends are commonly interpreted as a signature of a waning 
flow (e.g., Kneller, 2005), and upward improved stratification as upward deceasing 
deposition rates (Sumner et al., 2008). However, upward fining may also be a result of 
upstream migration of hydraulic jumps, where structureless deposits (disorganized 
conglomerates and structureless or weakly stratified sandstones) form at the hydraulic jump, 
and finer-grained laminated deposits downstream of the hydraulic jump (Postma et al., 
2009; Postma and Cartigny, 2014). As the hydraulic jump migrates upstream, the coarsest 
disorganized deposits are overlain with gradually better organized and finer grained 
deposits (Postma et al., 2009; Postma and Cartigny, 2014). The latter interpretation is 
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preferred here, because backset bedding in conglomerates and we kly stratified sandstones 
can be observed to transition vertically into planar stratified sandstones (Fig. 4-8C). The 
supercritical flow origin is further supported by the large clast size. It has also been argued 
that poorly sorted deposits, such as the here described mud clast conglomerates (Figs. 4-8B, 
D, and E), are most likely to form in hydraulic jumps due to the extremely large energy loss 
(Leclair and Arnott, 2003; Postma et al., 2014).  
The scour-and-fill structures of FA2 are similar to the upward fining scour-and-fill 
structures with the mud clasts and poorly sorted pebbly sandstone fills of Postma et al. 
(2014) interpreted as supercritical flow deposits. 
Facies Association 3: Scour-and-Fill Heterolithic Fine-Grained Deposits  
 Lenticular to scour-and-fill bedded heterolithic fine-grained d posits are dominant 
in the channel fills of the Ardath Formation (Figs. 4-10A and 4-11A), but also occur in the 
upper Scripps complex (Fig. 4-10C). This facies association consists of thinly bedded 
siltstones and sandstones (Facies E), structureless to weakly gr ded siltstone (Facies F) 
with planar laminated sandstone (Facies D), and weakly stratified sandstone (Facies C). 
These facies fill steep (5-45 m deep and 10-100 m wide) or gentle (a few-20 m deep and 
20-300 m wide) scours with upward flattening strata (Figs. 4-10 and 4-11). 
Individual siltstone and sandstone beds are a few mm to 30 cm thi k (Fig. 4-10A). 
Bed boundaries are erosive and undulating, exhibiting a grain size gap between fine to 
medium-grained sandstone to siltstone (Fig. 4-10D). Beds are in many cases terminated in a 
few to 10 m due to erosion by the overlaying bed, forming lenticular geometry. There are 
discordances also on cm scale as flaser bedding like structures occur as erosionally bound 
sandstone lenses in siltstone.  Internally the sandstone  show concave- and convex-up 
laminations (Fig. 4-10B).  
In the steeper scours, in places a few dm to 2 m thick sandsto es occur, and are in 






 The scour-and-fill structures, erosionally bounded multi-meter and centimeter scale 
lenses, and the grain size gap between the sandstones and siltstones (Figs. 4-10A, 10C, 10D, 
and 4-11A) indicate erosion and bypass (Barton et al., 2010; Stevenson t al., 2014; 
Stevenson et al., 2015).  
 The large scale scour-and-fill structures are morphologically similar to the scour-
and-fill features in sandstones and conglomerates interpret d above as supercritical flow 
structures based on comparison to experimentally produced strata (Alexander et al., 2001; 
Cartigny et al., 2014). Interpretation of these fine-grained facies as supercritical flow 
deposits is highly ambiguous, as there are no published experimental results available for 
comparison. However, considerably larger, 0.5–3 km long wavelength fine-grained 
sediment wave deposits have been documented from deepwater settings and interpreted as 
cyclic steps (e.g., Migeon et al., 2000; Nakajima and Satoh, 2001; Normark et al., 2002; 
Kostic, 2014).  
The morphologically flaser bedding like structures (Fig. 4-10B) that internally show 
weakly planar or low-angle laminations, and are sandstone lenses bounded by erosion 
surfaces, were also described by Alpak et al. (2013), and interpre d to reflect bypass. 
These erosional lenses are also similar to supercritical flow bedforms formed by flume 
experiments of Spinewine et al. (2009). Additional argument for potential deposition from 
supercritical flow comes from the experiments that show that the amplitude of Froude 
number fluctuations increases across the hydraulic jumps with increasing Fr90 (Cartigny et 
al., 2014). Thus, these heterolithic bedforms may potentially indicate even higher amplitude 
of the Froude number fluctuations than the cyclic steps that form sandy or conglomeratic 
scour-and-fill bedforms, especially if fluid mud processes (Talling et al., 2012), local flow 
collapses (Lowe, 1982; Kneller and McCaffrey, 2003), or slumping of the upstream steep 
side of the hydraulic jump (Cartigny et al., 2014) are invoked. An alternative interpretation 
for these heterolithic beds is that even if sands were d posited from supercritical flow, the 
siltstones are deposited from the tails of waning turbidity currents. Hitherto unpublished 
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Table 4-2. Summary of Facies Associations 
 
 
Facies Association Facies Description Interpretation
1. Scour and fill conglomerates
3. Scour and fill heterolithic fine-
grained deposits
Major facies: Thinly bedded
siltstone with sandstone
(Facies E) and Stuctureless to
weakly grading siltstone
Secondary facies: Weakly
stratified sandstone (Facies C)
and Planar laminated
sandstone (Facies D)
Lenticular to scour and fill bedded
heterolithic fine-grained deposits
displaying erosional bounded lenticular
sandstone and siltstone alternation and
scour-and-fill structures filling with
upward fining stata from basal
sandstone to siltstone facies.
The erosionally bounded lenticular
geometry and scour and fill
structures indicated erosion and
bypass process dominated
deposits(Barton et al., 2010;
Stevenson et al., 2014; Stevenson
et al., 2015). . The scour and fill
structures and erosional lenses
suggest Froude supercritical flow
deposits (Alexander et al., 2001;






stratified sandstone (Facies C)
Backset bedded conglomratic lenses
occurring as an isolated lense or
amalgamated lenses on the scour
surfaces. Basal scour surfaces are
commonly asymmetric with a steep
upsteam and a gentle downstream
margin.
Backset bedding indicates
upstream migration of the
conglomeratic bedforms,
characteristic for deposition from
Froude surpercritcal flow
(Cartigny et al., 2014; Postma et
al., 2014). Clast imbrication
indicates bedload deposition
(Walker, 1975).
2. Scour-and-fill sandstones with
mud-clast conglomerates
Major facies: Weakly stratified






Scour and fill structured sandstones
commonly displaying the backset
beds. The sandstones in the scour fill
exhibit gradual upward-fining from
basal mud-clast conglomerate to
weakly stratified sandstone to planar
laminated (stratified) sandstone.
The abundant scours and rip-up
mud clasts imply transient erosive
conditions. The disorganized mud-
clast conglomerates and weakly
stratified sandstones indicate high
deposition rates due to rapid
suspension fallout (Sumner et al.,
2008; Talling et al., 2012).
Backset bedding indicates
upstream bedform migration and
Froude supercritical flow




Fig. 4-10. Scour-and-fill heterolithic fine-grained deposits (Facies Association 3). (A) Heterolithic fine-grained deposits in gentle 
scour-and-fill with lenticular geometry. (B) Lenticular flaser bedding like structures containing internal erosional surfaces, which have 
longer wavelength than lenticular geometry. (C) Frequently observed erosional surface. Thinly bedded fine-grained facies. (D) 




Fig. 4-11. Scour-and-fill heterolithic fine-grained deposits (Facies Association 3). (A) Shallow scours filled with heterolithic fine-
grained facies with an erosionally bound sandstone lens. (B) Shallow scour filled with heterolithic fine-grained facies exhibiting the 
cross-cutting relationship. (C) Details of thin sandstone beds, forming the scour surfaces, interbedded with weakly laminated siltstones. 
(D) Measured section of a channel in the Torrey-Ardath complex. 
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4.7 Channel Complexes  
4.7.1 Torrey-Ardath Complex  
 The Torrey-Ardath complex is exposed across 5 km along the whole cliff, and is 
bound below by a major erosion surface that cuts into the shallow marine Torrey, Delmar, 
and alluvial Mount Soledad Formations (e.g., Lohmar et al., 1979; May, 1985). The 
complex is bounded above by a major erosion surface at the base of the Scripps Formation. 
The Torrey-Ardath complex is dominated by channels filled with heterolithic scour-and-fill 
deposits (FA 3), and some channels with basal sandstones and mud-clast conglomerates 
(FA 2) (Fig. 4-12). Channels, 280-600 m wide and 55-95 m deep, are recognized as 
bounded by major erosion surfaces, as identified by bed terminations and cross-cutting 
relationships (Figs. 4-5 and 4-12). Most channels are filled with apparently draping and 
upward-flattening strata with vertically stacked thalweg, but contain numerous erosion 
surfaces at tens of meters to a few meter scales. In some channels, large scour-and-fill 
structures occur, up to 300 m wide and tens of m deep, and are in tu n filled with upward 
flattening strata (Figs. 4-4, 4-5, and 4-12). Ardath channels i  the southern part of the 
exposure display complex cross cutting relationships at channel margins.  
 Some channel fills have an upward-fining character with mud-clast conglomerates 
and sandstones (FA 2) at the base, and heterolithic strata (FA 3) in the upper parts of 
channels (Figs. 4-4, 4-5, and 4-12). Other channels are filled with heterolithic strata only, 
with no vertical grain size trends. The heterolithic channel fills tend to have steep scour-
and-fill features in the lower parts, and gentle scour-and-fill features in the upper parts of 
channel fills (Fig. 4-12A). Erosionally bound triangular-shaped sand tone lenses are 
common within the heterolithic strata. The channels withbasal sandstones and 
conglomerates occur in the stratigraphically lowermost part of the Torrey-Ardath complex, 
where they unconformably overlay the shallow marine Torrey, D lmar, and alluvial Mount 
Soledad Formations (Figs. 4-4, 4-5, and 4-13B).  
 The Torrey-Ardath channel complex exhibits cross-cutting amalgamated channel 





 One of the key features of the Torrey-Ardath channel fills is their heterolithic nature, 
and the multitude of erosion surfaces that range from channel bounding surfaces, to scours, 
and to cm-scale erosion surfaces in the flaser bedding like sedimentary structures. Thus, 
these fine-grained facies do not indicate channel abandonment and passive infilling or 
backfilling, commonly cited in literature for slope channels (.g., Sprague et al., 2005; 
McHargue et al., 2011; Pickering and Cantalejo, 2015), but rather imply alternating 
aggradation and erosion/bypass (see also Stevenson et al., 2015). It is the sandy parts of the 
channel fills that display the most depositional nature with the disorganized mud-clast 
conglomerates and weakly stratified pebbly sandstones. 
 Channels with basal thick sandstones and mud-clast conglomerates directly overlay 
the  
shallow marine to alluvial deposits, and the mud clasts can be recognized as pieces of the 
underlying Delmar Formation. Thus, erosion of underlying strata m y have contributed to 
the locally high sediment concentrations and high deposition rates in these basal parts. The 
upward change into heterolithic deposits with bypass features implies that bypass process 
are dominant in the upper parts of the channels. The erosionally bound triangular sandstone 
lenses are erosional remnants of sand-filled scours. 
 The upward flattening strata in channel fills indicate vertical aggradation. The 
numerous erosion surfaces and complex cross cutting relationships signify repeated channel 
cutting and filling episodes. The cross-cutting amalgamated channel stacking indicates 
channel avulsions. 
4.7.2 Lower Scripps Complex  
 The lower Scripps complex is bounded below by a major erosion surface that 
separates the heterolithic channel fills of the Ardath Formation from hard-clast 
conglomerates of the Scripps Formation (Figs. 4-4 and 4-5).The lower Scripps complex is 
exposed across 1.5 km in the soutehrn part of the outcrop and is dominated by hard clast 
conglomerates (FA1) and scour and fill sandstones (FA2). Individual channels, 15-56 m 
deep and 140-350 m wide are recognised as bounded by erosion surfaces and filled with 
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upward fining successions (Figs. 4-4 and 4-5). Internally, the channels consist of scour and 
fill features 10-150 m wide and a few-15 m thick (Fig. 4-13). The channels have 
aggradational infills with vertically stacked thalwegs (Figs. 4-5, 4-13A and 13B). Multiple 
internal erosion surfaces complicate the internal channel fill patterns. 
 
 
Fig. 4-12. Two types of channels in the Torrey-Ardath channel complex. See location in 
Figure 4-5. (A) Heterolithic fine-grained channel fills dominatig n the Torrey-Ardath 
complex. (B) Some heterolithic fine-grained channel fills have basal sandstones with mud-
clast conglomerates (FA 2). 
Channel fills generally fine upward from hard clast conglomerates (FA1) to scour 
and fill sandstones (FA2) and to heterolithic scour and fill eposits (FA3), but some 
channels also show lateral transitions from sandstones to heterolithic facies (Fig. 4-13B). 
Proportions of facies associations vary in channels (Fig. 4-13A). Some channels show a 
highly heterogeneous, mosaic-like fill of sandstone (FA2) and conglomerate (FA1) lenses, 
capped by planar laminated sandstone (FA2) (Fig. 4-13A). Channels show cross-cutting 
amalgamated relationships (Fig. 4-13B) and also vertical aggradational staked pattern (Fig. 
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4-13A). Torrey-Ardath complex deposits are in places soft- ediment deformed (Facies G)
below the basal bounding surface of the lower Scripps complex. 
  
Fig. 4-13. The lower Scripps complex consists of vertically (A) and obliquely (B) 
amalgamated stacked channels (B) dominated by facies associations 1 and 2. See location 
in Figure 4-5. 
Interpretation  
 The lower Scripps complex channels are smaller compared to the Torrey-Ardath 
complex, and filled with considerably coarser deposits. The channel fill geometries are 
however relatively similar, except to some highly complex mosaic-like infills in the Scripps 
Formation. Channel stacking pattern is also similar with cross-cutting amalgamated 
relationships indicating channel avulsions, but also the relatively vertically aggradational 
stacked pattern may suggest confinement, such as in a submarine canyon (May and Warme, 


















Fig. 4-14. The upper Scripps complex. (A) The succession of the Scripps Formation shows the overview of upper and lower parts. See 
location in Figure 4-5. (B) The upper part composed of multiple elongate channels formed by multiple bounding erosional surfaces. 
The lower part shows overall upward fining succession from basal hard-clast and mud clast conglomerate to planar laminated 
sandstone to thinly bedded sandstones and siltstones. (C) The detail d views of multiple hard clast and mud clast conglomerate lenses 
(FAs 1 and 2) forming mosaic distribution. (D) The upper section of the upper Scripps complex is dominated by the heterolithic 





4.7.3 Upper Scripps Complex  
 The upper Scripps complex is exposed across 1.1 km in the southernmost part of the 
outcrop (Figs. 4-4 and 4-5) and shows a large-scale upward fining tre d from hard-clast 
conglomerates (FA1), mud-clast conglomerates and scour-and-fill sandstones (FA2), to 
heterolithic scour-and-fill deposits (FA3) (Fig. 4-14A). This complex is bounded by a 
major erosion surface that cuts partially into the lower Scripps complex (Figs. 4-4 and 4-5). 
This surface is also recognized as the channel complex set boundary in Stright et al. (2014).   
Cobble conglomerates (FA1) occur as lenses, commonly encased in mud clast 
conglomerate, above the irregular erosion surfaces in deeper pockets (Figs. 4-14B and 4-
14C). The channels, 50 - 200 m wide and 5 - 40 m deep, dominantly consist of erosionally 
bound lenticular bodies composed of facies associations 1 and 2 (Fig. 4-14). These 
amalgamated lenses of the coarse-grained facies associations extend across 1.1 km and thin 
northward (Fig. 4-14A). The lenticular bodies are 10-150 m wide and a few to 30 m thick 
with irregular basal surfaces (Fig. 4-5). Their fills are extremely heterogeneous and consist 
of mosaic-like distribution of isolated or amalgamated congl merate lenses (FA1), and mud 
clast conglomerate and sandstones (FA2) encasing these hard clast conglomerate lenses. 
The overlaying heterolithic fine-grained facies association is also characterized by 
multiscale erosional surfaces (Fig. 4-14D).  
 
Interpretation 
 Channel size and stacking pattern in the upper Scripps complex is similar to the 
lower Scripps complex. Although the maximum grain size is also similar to the lower 
Scripps, the proportion of heterolithic facies is higher. 
 
4.8 Slope Depositional Environment and Progradation 
 The lack of lateral accretion elements and the relativ ly symmetrical shape of the 
channels (Thomas and Bodin, 2013), the bypass dominated facies (Gamberi and Rovere, 
2011; Stevenson et al., 2014), and the presence of Froude supercritical flow deposits (e.g., 
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Normandeau et al., 2014; Hughes Clark, 2016) imply low sinuosity to straight channel 
forms. The lateral channel amalgamation indicates deposition on an open slope, or in a 
conduit considerably larger than the individual channels, such as in a large submarine 
canyon (Macauley et al., 2013; Covault et al., 2016). Amalgamated and avulsive cross-
cutting stacking pattern indicates multiple episodes of incision and fill events (Pyrcz et al., 
2012), and can occur in canyon fills (Deptuck et al., 2003; Sylvester t al., 2011), as well as 




Fig. 4-15. Comparison of cross-sectional architecture of the Torrey-Ardath complex (B) to 
the line drawing of the channel complex from the Ebro contine tal margin (A) and the line 
drawing of the basal channel complex in the Indus submarine ca yon-levee system. 
Coherency-dip attribute maps (D) and seismic section (E) of the channelized slope of a 
Pleistocene horizon, Ebro continental margin. The approximate location of the seismic line 
is shown by red rectangle (Kertznus and Kneller, 2009). Seismic section (F) of Indus 






Fig. 4-16. Conceptual figure of slope progradation from the Ardath-Torrey to the Scripps complexes. The mean direction of 
the outcrop and the paleocurrent is 175° and 240°, respectively (A). See Figure 4-5 (A). The corrected progradation distance 
is ca 2 km, which is the recalculated length of whole beach cliff succession (5 km) and the directions of the outcrop and the 







Fig. 4-17. Bathymetric maps of modern submarine canyon heads exhibiting analogies for 
the Scripps complexes. (A) The example from Lower St. Lawrence Estuary, Eastern 
Canada (Normandeau et al., 2014). (B) The example from Capbreton Submarine canyon 
(Mazières et al., 2014). Both figures show tributary channels updip at the shelf edge, and a 
larger channel further downdip, as the flows through the tributaries converge. Both these 
canyon heads contain channels and bedforms 10-150 m wide. Further downslope, the size 





Previous work identifies the here studied channel complexes as canyon fills, and 
interprets the major erosion surfaces at the base of the Torrey-Ardath complex and the 
Scripps Formation as canyon bases (Lohmar et al., 1979; May, 1982; May and Warme, 
2000). Larger-scale mapping (Fig. 4-1) shows that channels of the Torr y-Ardath complex 
occur across more than 10 km in north-south orientation (May, 1985). Other slope facies 
expected to occur outside the canyon, such as fine-grained hemipelagic slope facies (e.g., 
Kane et al., 2009), have not been reported (May, 1982; May, 1985). Compared to modern 
active margins, such as the southern Californian margin today, the modern canyons are 
considerably smaller, and only a few km wide. Multiple canyons may, however, occur next 
to each other. Indus submarine canyon has a similar size, and is 6-7 km wide, and contains 
amalgamated channels similar in size to those described in the Torrey-Ardath complex (Fig. 
4-15A). Active margin slopes are also known to have unconfined channel systems, such as 
in the Ebro margin (Kertznus and Kneller, 2009). These unconfined slope channels form a 
similar cross-cutting avulsive pattern, but are about four times larger than the Torrey-
Ardath complex channels (Fig. 4-15A).  
 
 
Fig. 4-18. Graph of the dimensions of channels. The widths of the channels are corrected 





The here studied channel complexes display about 5 km of oblique progradation. 
Considering the oblique outcrop orientation (Fig. 4-16), this translates into ca 2 km 
progradation over ca 4 Ma (Lohmar, 1978; May, 1982; May and Warme, 2000). This 
progradation rate of ca 0.5 km/Ma is very low compared to tens km/Ma on passive margins 
and foreland basins (Carvajal et al., 2009), and implies significant sediment bypass. 
The Torrey-Ardath complex is incised into shelfal and alluvial deposits, and the 
outcrop thus exposes an upper slope section close to the shelf dge. The Scripps complex 
channels are filled with considerably coarser deposits, suggestin  ven closer proximity to 
an alluvial feeder system (e.g., Sweet and Blum, 2016). Another change from Ardath to 
Scripps Formation is the considerable decrease in channel size, and occurrence of highly 
heterogeneous, mosaic-like channel fills. In general, the size of the channels is related to 
discharge, which has a relationship with the drainage area (Str ub et al., 2007; Konsoer et 
al., 2013). However, modern examples of canyons show smaller tributary channels updip at 
the shelf edge, and a larger channel further downdip as the flows through the tributaries 
converge (Mazières et al., 2014; Normandeau et al., 2014) (Fig. 4-17). Both these canyon 
heads contain channels and bedforms 10-150 m wide. Further downslope, the size of 
channels and bedforms becomes more consistent, as they are 100-200 m wide.  A similar 
relationship may explain the differences in channel size,channel fill architecture, and grain 
size in the Torrey-Ardath and Scripps complexes (Figs. 4-18 and 4-19). 
Most canyon fills are interpreted to be backfilled rather than progradational (Mutti, 
1985; Wonham et al, 2000; Deptuck et al., 2003; Sylvester et al., 2011). Another canyon 
fill has, however, been interpreted as progradational fromE cene Central Basin of 
Spitsbergen (Fig. 4-20) (Plink-Björklund, 2012). This incision close to the shelf edge also 
displays a large variability in grain size, as deposits range from mud-clast conglomerates to 
heterolithic deposits. Also, in this example heterolithic fa ies dominate volumetrically, and 







Fig. 4-19. Interpreted depositional environments. The change from the Torrey-Ardath complex to the upper and lower Scripps 




Fig. 4-20. (A) Progradational shelf-edge clinoforms complex, Brogniartfjellet Clinothem, Svalbard, exhibiting large-scale framework 
of the cross section, modified from Johannessen and Steel (2005). (B) Upper Scripps complex, La Jolla Group. (C) Cross section from 
shelf to shelf-edge and onto the upper slope in the Brogniartfjelle  Clinothem 8 modified from Plink-Björklund (2012). The area 




4.9 Channel Fill Character  
 There are three principal channel types in the studied succe sion (Fig. 4-21): 
heterolithic, sandy to heterolithic, and conglomeratic. All these channel fills are interpreted 
to be associated with Froude supercritical flow. Recent studies of modern submarine 
canyons in active margins indicate that supercritical flow bedforms are common (Figs. 4-17 
and 4-22) (e.g., Paul et al., 2011; Paul et al., 2012; Symons et al., 2016; Hughes Clark, 
2016). However, outcrop identification of supercritical flow bedforms remains rare (Postma 
et al., 2009; Postma et al., 2014), as their recognition remains challenging due to their long 
wavelength (up to tens or hundreds of meters) (e.g., Covault et al., 2016; Symons et al., 
2016). Modern seafloor examples (Mazières et al., 2014; Normandeau et al., 2014) (Fig. 4-
17) show 10 to hundreds of m wide and a few to 8 m deep downstream dipping scour 
surfaces (Fig. 4-22) forming crescent-shape bedfoms that migrate upstream (Normandeau 
et al., 2014; Hughes Clark, 2016) (Fig. 4-17A). Such bedforms form scour-and-fill 
structures in a flow perpendicular vertical view and backsets in a flow parallel view, and 
result in channel fills dominated by scour-and-fill features, like in the Torrey-Ardath and 
Scripps complexes. 
 Abundance of Froude supercritical flow deposits and bypass signatures may be 
common on active margins. As active margins have narrow shelves and steep hinterland 
and slope gradients, a large number of small rivers deliver sediment to the basin, and 
unfilled submarine canyons occur parallel on the continental slop 





Fig. 4-21. Principal three types of the channel fill. Type (1) mainly occurs in the Torrey-
Ardath complex. Type (2) occurs in the Torrey-Ardath and the lower Scripps complex. 




Fig. 4-22. Bathymetry of the canyon head of Monterey Canyon (Smith et al., 2005) and 
Capbreton Canyon (modified from Smith et al., 2005; Cartigny et al., 2011). The figures 
are from Mazières et al., (2014) after Cartigny et al., (2011). Both of the canyon floors (A 
and B) are dominated by downslope facing crescent shaped bedforms. These bedforms 
have a stepwise profile exhibiting steep down slope face (1-4 m high) and gentle upslope 




4.10 Conclusions  
 This paper identifies three channel complexes. The lower complex (the Torrey-
Ardath complex) exhibits amalgamated and avulsive cross-cutting stacking pattern 
dominated by the relatively larger heterolithic fill channels. The upper two complexes (the 
Scripps complexes) also exhibit amalgamated and avulsive stacking pattern accompanying 
vertical stacking pattern dominating the sandstone and coglomerate fill channels. These 
transitions are potentially associated with continental slope progradation.  
All channel fills in the three channel complexes are interpreted to Froude 
supercritical flow deposits. In particular, heterolithic fine-grained deposits display the 
bypass dominated signatures, which demonstrates the distinct difference from classic 
backfilling or passive channel fill facies. The scour-and-fill structures of those may be the 
outcrop analogs to recently reported upslope migrating crescent hape bedforms in the 
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